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CHAPTER 1

Integrated Molecular Imaging and Applications to Infection
A version of the following chapter was previously published and has been adapted from Perry et
al., Current Opinion in Chemical Biology, Copyright 2020 by Elsevier!, and from McMillen,
Perry, et al., Proceedings of the NATO Advanced Study Institute in Rapid Threat Detection,

Copyright 2020 by Springer.?

Overview

Human infection and disease are rooted in chemical changes at or below the cellular level.
Many of the causative chemical changes that result in potentially deadly conditions localize to
specific structures or cells within tissues such as cancerous tumors or infectious foci. The complex
matrix of tissue makes it challenging to detect, characterize, and localize chemical changes to
diagnose adverse health and prescribe a therapeutic. Use of modern analytical technologies to
obtain and visualize molecular information demonstrate their worth in clinical and hospital
settings. Specifically, matrix-assisted laser desorption/ionization mass spectrometry (MALDI MS)
has revolutionized the research, diagnostic, and clinical microbiology communities, allowing
measurement of analytes from complex samples with high levels of sensitivity and reproducibility.
An advance of MALDI MS allows for the visualization of molecular distributions from tissue
sections, termed imaging mass spectrometry (IMS). MALDI IMS has been applied to a variety of
biological samples, defining chemical changes associated with disease.

Many technologies exist to acquire information from a tissue section, varying in resultant

data complexity. However, there is currently no technique that captures elemental, molecular, and



morphological information in a single experiment. To fully characterize complex biological
interactions or processes within tissue environments, multiple levels of information must be
obtained and combined. Many critical developments have been made towards correlative
multimodal imaging. Recent efforts to apply molecular imaging approaches in tandem with
anatomical, morphological, or elemental imaging modalities have placed a precedent on how
multimodal strategies can provide insight to biological systems. Specifically, decreased pixel sizes
without the sacrifice of molecular or elemental information have allowed for subcellular
localization of analytes, complemented and spatially verified by other imaging modalities.
Increased acquisition speeds of molecular imaging technologies have allowed feasibility of large
3-dimensional (3D) data volumes. The utility of these approaches is highlighted by the broad
nature of studies that employ multiple imaging strategies, reaching from basic physiology and
plant biology to various human diseases including bacterial infections. However, the combination
of imaging information still faces many challenges, including registration, alignment, 3D volume
constructions, and data analysis. Implementation of accurate registration techniques, data fusion,
and data analysis automation to 2-dimensional (2D) and 3D imaging approaches will not only
lessen analysis times, but also increase the use of multiple imaging strategies throughout the
scientific community. Nevertheless, the wealth of elemental, molecular, and morphological
information acquired through the combination of imaging modalities, outweighs the technical

challenges and allows unparalleled insight into biological systems.



Insight into Biological Processes through Application of Molecular Imaging Modalities

Tissue imaging strategies can provide morphological or molecular information allowing
the study of complex biological systems. Among the strategies that can be interfaced, histology
using color stains (e.g., hematoxylin and eosin (H&E)) is the most basic and allows for the
determination of gross tissue morphologies and cellular differentiation.’ Immunohistochemistry
(THC) relies on antibody-based staining, targeting specific antigens within a tissue section.*
Visualization of fluorophore-conjugated antibodies using fluorescence microscopy offers
advantages over traditional IHC, including the potential for multiplexing through use of multiple
fluorophores with different emission/excitation spectra. A further expansion of immunostaining
incorporates heavy metal-conjugated antibodies, termed imaging mass cytometry. This
experimental strategy allows the application of up to 30 antibody tags to be analyzed in a single
experiment, although with limited throughput due to extensive data acquisition times.> In addition
to using histological or antibody-based methods to characterize a tissue of interest, fluorescent or
bioluminescent reporters can be employed and detected via fluorescent microscopy or in vivo (3D)
bioluminescent imaging (BLI). Transcriptional or translational reporter constructs can be designed
to address an array of biological questions and can help delineate the cellular, organellar, or
molecular makeup of a sample in question.

Additional methods are available and frequently employed to allow unbiased and unlabeled
analysis of tissues. For example, Fourier transform infrared spectroscopy (FTIR) results in a
spectral “fingerprint” of a sample without providing specific biochemical information. Here,
infrared radiation directed on a sample is absorbed through transitions in molecular vibrational

energy states to be recorded as a spectrum.®



IMS is a technology that can map the distribution of thousands of molecular analytes
directly from a tissue sample without a priori knowledge.” Amongst a variety of molecular IMS
sampling/ionization techniques, MALDI IMS is the most common, and the number of published
studies using this technology suggests that it is the most robust.”” Recent studies have leveraged
MALDI IMS as a discovery approach in tandem with other imaging modalities to probe various

biological systems, many comprised of multiple organisms.!%-13

Matrix-Assisted Laser Desorption/Ionization and Imaging Mass Spectrometry

MALDI is an ionization technique that relies on the presence of a low molecular weight,
organic molecule, termed a matrix, with strong ultraviolet (UV) absorbance. Analytes co-
crystalized with a matrix solution are irradiated by a UV laser, facilitating desorption and
ionization. Many small aromatic, organic compounds can be employed as MALDI matrices.
Matrices are typically categorized based on their efficiency to assist in the desorption and
ionization of a broad molecular class of analytes (e.g., low molecular weight metabolites, lipids,
proteins, polymers, and inorganic compounds) when irradiated with a UV laser. While any UV
wavelength laser can be used to generate ions with MALDI with varying efficiency, solid state
lasers are most commonly employed, such as frequency tripled neodymium-doped yttrium
aluminum garnet (Nd:YAG, 355 nm) and neodymium-doped yttrium lithium fluoride (Nd:YLF,
349 nm). Post laser irradiation, gaseous ions are separated based on mass-to-charge ratio (m/z)
using a mass analyzer, detected, and recorded as a mass spectrum. A schematic of this ionization
technique is present in Figure 1.1. MALDI MS can be used to measure a variety of biological

analytes, ranging from small metabolites to intact proteins. The rapid ability to analyze complex



mixtures with limited sample preparation has resulted in MALDI MS present in many clinics and

diagnostic settings.

lonized
Analyte
/ y

To Mass Spectrometer

Figure 1.1: MALDI Schematic
A schematic depicts matrix-assisted laser desorption/ionization. A UV laser, depicted as a red line,
irradiates a co-crystalized mixture of analyte and matrix molecules, represented as purple and blue
circles, respectively. The matrix molecules absorb the laser energy to facilitate the desorption
and/or generation of ions from the surface. lons are then transmitted and measured using a mass
spectrometer. Desorption of neutral molecules is not shown.

MALDI MS can be leveraged to allow the visualization of molecular distributions within
thin tissue sections, termed MALDI IMS. In MALDI IMS, a tissue section is homogeneously
coated with a crystallized matrix. The raster of the sample surface with a UV laser allows for
acquisition of mass spectra at discrete X,y positions. Following acquisition, intensity maps of
molecular distributions can be generated for any ion of interest. Both the laser incident spot size
on the prepared sample and the pitch between positions determine the spatial resolution of the

resultant IMS data set and the pixel sizes of the ion image. Using this technology, ions can be

mapped to specific areas within a tissue section.!*
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Figure 1.2: MALDI IMS Schematic
Schematic depicting steps to acquire and visualize MALDI IMS. (A) Sample preparation begins
with thinly sectioning a tissue to mount on a conductive microscope slide. (B) A matrix solution
is homogeneously deposited on the tissue. The sample is then irradiated by a UV laser at discrete
x/y locations. (C) lons are recorded as mass spectra. (D) lon images can be generated for any ion
of interest from mass spectra, identified or unknown. (E) After IMS acquisition, tissue sections
can be washed of matrix and stained to compare tissue morphology with molecular distributions.
Time-of-Flight Mass Spectrometry

Most commercial MALDI mass spectrometers employ a time-of-flight (TOF) mass
analyzer, Figure 1.3. A TOF mass analyzer measures m/z values based on the time that it takes an
ion to traverse a field-free region or flight tube. The components of a TOF mass analyzer are

relatively limited in comparison to other mass analyzers and consist of an accelerating electrode,

a field-free drift region, and a detector. All ions are given the same starting kinetic energy by an



accelerating electrode. As ions traverse the field-free region, varying velocities based on the m/z
value will result in a separation of the ions in time. Kinetic energy (KE) is defined as the product
of the charge (z) and the accelerating voltage (V).

KE = zV
This product can then be set equal to the traditional definition of KE, where the mass of an ion (m)

is multiplied by the velocity (v).

The velocity of the ions can be further defined by the distance (d) traveled over time (t).
Rearrangement of the equation after substitution of these parameters allows the time-of-flight to

determine an m/z value since the distance traveled and the accelerating voltage are constant.!>

t=d |—
- 2zV

Due to their relatively low cost, high duty cycle, and theoretically infinite mass range,
MALDI TOF mass spectrometers are the most common instrumental platform used to acquire IMS
data. Newer generation MALDI TOF mass spectrometers now allow for routine IMS data
acquisition at a spatial resolution of 10 pm and at speeds of 10,000 laser shots per second; however,
the resolving power (R) or ability to separate two ions of similar m/z values of TOF mass

spectrometers is relatively low in comparison to other mass analyzers at approximately 10,000.16

M

R=—
AM
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Figure 1.3: MALDI Time-of-Flight Mass Analyzer
A schematic depicts a MALDI linear time-of-flight mass spectrometer. Ions are generated using
MALDI and accelerated by a high voltage grid. lons are separated based on their velocities through
a field free region to be detected as a mass-to-charge ratio and recorded as a mass spectrum.
Fourier Transform lon Cyclotron Resonance Mass Spectrometry

A MALDI ion source can be incorporated on virtually any instrumental platform to allow
for IMS, including high performance instruments such as Fourier transform ion cyclotron
resonance (FT-ICR) mass spectrometers. FT-ICR mass analyzers allow the highest mass resolution
and measurement accuracy, with a resolving power capable of reaching >1 million. This mass
analyzer consists of an ICR cell centered within the uniform magnetic field of a superconducting
magnet. Analysis of ions within the cell relies on three forces. Ions are injected into the cell where
they experience a Lorentz force as they perpendicularly move in the direction of the magnetic

field, where (m) is the mass of the ion, (q) is the charge, (v) is the velocity, (B) is the magnetic

field strength, and (t) is time.

dv

Force = m X acceleration = mE =qv XB



Ions orbit the cell in a radius (r) proportional to the magnetic field strength, with a
frequency that is directly proportional to the m/z value of the ion, or the third force which is the
cyclotron frequency. The unperturbed cyclotron frequency, or one where no collisions with other
ions take place can be defined, where (v.) is the cyclotron frequency, (o) is the angular frequency,
(m/z) is the mass-to-charge ratio, and (B) is the field strength of the magnetic field.

wc _ 1535611 x 10”B

V. = =
¢ 2T ?

A schematic of FT-ICR mass analysis is shown in Figure 1.4. The ICR cell consists of two
trapping plates to axially confine ions. The walls of the cell consist of excitation and detection
plates. A radio frequency that matches the cyclotron frequency of ions is applied to the excitation
plates. The radii of ions expand upon excitation and acceleration, resulting in a detectable signal.
As excited ions orbit the cell, an image current is induced on the detection plates, allowing
measurement in a time domain signal. A Fourier transform to the time domain signal results in a
frequency spectrum. The measured frequencies can then be converted to a mass spectrum by a

mass correlation.!”



Time Domain Signal
Trapping Plates Detection /’

Fourier Transform

Excitation m/z
0>0> Mass Spectrum

Magnetic Field

Figure 1.4: Fourier Transform Ion Cyclotron Resonance Mass Analyzer
A schematic represents mass analysis by a Fourier transform ion cyclotron resonance mass
spectrometer. lons undergo cyclotron motion within a uniform magnetic field, where they are
excited using a radio frequency and detected using perpendicular electronic plates. An obtained
time domain signal undergoes a Fourier transform to produce a frequency domain spectrum. A
mass correlation or the frequency domain spectrum results in a mass spectrum.

A single ion can be measured multiple times by an FT-ICR mass spectrometer after an ion
generation event, resulting in high accuracy measurements after signal averaging. This is
increasingly important for IMS, where the chemical content from one specific location to another
can be highly variable. The ability to measure this content with high resolving power and accuracy
through multiple measurements is an overwhelming advantage when compared to a TOF mass
analyzer; however, FT-ICR MS analyses can take up to seconds from a single ion generation event.
This results in significantly longer data acquisition times when compared to a TOF mass

spectrometer. Instrumental parameters should be considered for each experiment, selecting the

instrument to most accurately and quickly answer a hypothesis.
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Sample Preparation Considerations for Imaging Mass Spectrometry

IMS is highly dependent on the quality of sample preparation. Many factors must be taken
into account when preparing a sample, including tissue stabilization or preservation, embedding
material, the washing procedure, matrix choice, and matrix application method.!® An example
workflow consists of tissue sectioning, an optional washing procedure, matrix application, and an
optional recrystallization procedure (Figure 1.5). The primary goal of any sample preparation is to
minimize analyte delocalization and degradation while maximizing sensitivity.!” Sample
preparation protocols are typically developed for specific tissue types and analytes of interest,

although common methods and protocols can be established.?0-2*

Optional Optional

Figure 1.5: MALDI IMS Sample Preparation

A schematic depicts common sample preparation procedures for imaging mass spectrometry. (A)
Biological tissues are thinly sectioned, and thaw mounted onto conductive microscope slides. (B)
Sections may undergo optional washing protocols to select for analytes of interest or lessen
chemical interferences. (C) MALDI matrix is homogenously applied to a sample using a robotic
aerosol sprayer. (D) An optional recrystallization procedure can be applied to samples when
needed to ensure analyte-matrix layer co-crystallization. (E) Prepared samples are ready when
needed for IMS analysis. Reprinted from Proceedings of the NATO Advanced Study Institute in
Detection, diagnosis, and health concerns of toxic chemical and biological agents, 2019, “Matrix-
assisted laser desorption/ionization imaging mass spectrometry: technology and applications” with
permission from Springer Publishing Company.?
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Sample preparation of formalin fixed tissue begins by sectioning to 10-12 pm thickness and
thaw mounting onto a conductive microscope slide (Figure 1.5A).2° Fixation, offering the most
accurate morphological tissue representation, is performed by incubating a harvested tissue in a
paraformaldehyde solution for up to 7 days. Intramolecular crosslinks are formed between proteins
during this incubation. The fixed tissue is then submerged in paraffin wax and is termed formalin
fixed paraffin embedded (FFPE) tissue. While this method allows ambient storage, the fixative can
induce unwanted chemical artifacts.?® These artifacts can compromise analysis of metabolites,
lipids, and intact proteins. However, some studies observe limited MS effects after paraffin
removal or alternative procedures.?’””?° For proteins, developed protocols utilize proteolytic
digestion of FFPE tissues and subsequent peptide analysis.?" 3 Fresh frozen tissues are preferred
for IMS.?°> However, freezing can induce morphological changes to a tissue. Histological stains of
fresh frozen tissue sections are typically inferior to those of FFPE sections.

For fresh frozen preservation, a tissue is cryosectioned prior to thaw mounting onto a slide.
Optimal cutting temperature (OCT) compound may be used to improve section quality. However,
OCT compound contains a polymer that introduces high intensity ions during MS analysis that can
significantly complicate mass spectra. Tissue washing procedures have been shown to lessen or
remove OCT artifacts, but these washes may also wash away compounds of interest.!” Other
materials have been purposed as embedding materials with limited MS effects, including
carboxymethylcellulose (CMC) and gelatin.’! 3 Use of these materials typically introduces
minimal effects, while still assisting in sectioning.

Washing can remove potential chemical interferences and select for specific analytes
(Figure 1.5B).1%-30:33.3% Ammonium formate (AmF) buffer is used to remove salts from tissue for

the analysis of lipids.*® In the positive ion mode, protonated ions dominate the spectra after AmF
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tissue washing. Decreased salt presence also increases sensitivity in the negative ion mode.
Sensitivity for intact proteins can be increased by removing both lipids and salts from tissue using
Carnoy’s fluid (ethanol, chloroform, and acetic acid), water, and ethanol.!” Recently washes have
been developed to select for metabolites.?: ** Chloroform and acetone washes remove hydrophobic
lipids, leaving behind many water soluble metabolites. Washes may delocalize some molecules,
so care and validation are recommended. Other washes are being developed to either select or

analytes of interest or eliminate chemical interferences.?>°

MALDI Matrix Selection and Application
MALDI matrices are chosen based on their ability to provide sufficient ionization
efficiency for a given analyte class (e.g. low molecular weight metabolites, lipids, proteins,
polymers, or organometallics). A MALDI matrix is typically a small, organic molecule consisting
of'a UV absorbing chemical moiety. Differences in observed analyte sensitivities can be attributed
to the physical properties of a matrix such as molecular structure, pH, proton affinity, and peak

wavelength absorbance.!$: 40-47

However, several studies have successfully employed various
inorganic materials such as nanoparticles or thin layers of metals.*® 2,5-dihydroxybenzoic acid
(DHB) is widely employed as a MALDI matrix, offering sufficient sensitives for many analyte
classes in positive ion mode MS analysis.*® 4% 5 9-Aminoacridine (9AA) is often used for the
analysis of metabolites in negative ion mode and 1,5-diaminonaphthalene (DAN) for lipids with
high sensitivity in both polarities.'® 4’ However, the energy transferred during the ablation process
can result in analyte modification or fragmentation, complicating data interpretation.*->! Volatility

is also a consideration when selecting a MALDI matrix because the matrix layer must remain

stable for lengthy acquisition times (hours) to avoid signal loss during an imaging experiment. 2,5-
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Dihydroxyacetophenone (DHA) is an excellent matrix for MS analysis of multiple analyte classes;
however, its high volatility limits acquisition times.*’ (E)-4-(2,5-dihydroxyphenyl)but-3-en-2-one
(cDHA) is a vacuum stable matrix providing high sensitivity for lipids, peptides, and intact

proteins.*! Table 1.1 lists many commonly used matrices.

14



Matrix

Other Names

Chemcial Structure

Application

(E)-4-(2,5-dihydroxyphenyl)but-3-en-2-one

2,5-cDHA

Lipids

Peptides

Proteins

Positive and Negative lonization Modes

2,5-dihydroxyacetophenone

2,5-DHA

Lipids

Peptides

Proteins

Positive and Negative lonization Modes

9-Aminoacridine

Low Molecular Weight Metabolites
Lipids
Negative lonization Mode

a-Cyano-4-hydroxycinnamic acid

CHCA

HO

Peptides
Proteins
Positive lonization Mode

5-Chloro-2-mercaptobenzothiazole

CMBT

Lipids
Peptides
Positive and Negative lonization Modes

1-5,Diaminonapthalene

DAN

Lipids
Positive and Negative lonization Modes

trans -2-[3-(4-tert-Butylphenyl)-2-methyl-2-

propenylidene]malononitrile

DCTB

t-Bu

Carbohydrates

Polymers

Inorganic Materials

Organometallics

Positive and Negative lonization Modes

2,5-Dihydroxybenzoic acid

DHB

Low Molecular Weight Metabolites
Pharmacuticals

Lipids

Positive lonization Mode

3,5-Dimethoxy-4-hydroxycinnamic acid

Sinapic Acid

H,CO, A

Peptides
Proteins
Positive lonization Mode

2'4' 6'-Trihydroxyacetophenone

THAP

Carbohydrates

Nucleic Acids

Lipids

Peptides

Positive and Negative lonization

Table 1.1: Commonly Used MALDI Matrices
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Table 1.1 lists common MALDI matrices and typical applications to analyze analyte classes.
Reprinted from Proceedings of the NATO Advanced Study Institute in Detection, diagnosis, and
health concerns of toxic chemical and biological agents, 2019, “Matrix-assisted laser
desorption/ionization imaging mass spectrometry: technology and applications” with permission
from Springer Publishing Company.?




The method of MALDI matrix application can dictate crystal size, analyte extraction, and
analyte delocalization (Figure 1.5C). MALDI matrices are most commonly applied by either
aerosol spray or sublimation. Aerosol application can be accomplished using an airbrush sprayer
or more homogenously and reproducibly using a robotic sprayer. Temperature, gas flow, and
solvent composition all influence analyte extraction and unwanted delocalization. Ideally, matrix
application is wet enough to ensure analyte extraction yet does not induce analyte delocalization.
Optimal matrix concentration and deposition density are determined by empirically, and
delocalization is evaluated by MS acquisition off tissue.>? Matrix application by sublimation has
been shown to produce small crystal sizes.’* However, sublimation does not provide the level of
analyte extraction achieved by aerosol spray. A recrystallization procedure can assist analyte
extraction after matrix application by sublimation (Figure 1.5D).!” Any slight variation in
sublimation time or temperature can impact the amount of matrix deposited, affecting
reproducibility. Therefore, sublimation is not commonly used for large sample cohorts.!?: 3% 40. 54

Sample preparation and matrix selection are important considerations when developing a method

for IMS analysis.

Elemental Imaging Modalities for the Investigation of Metal Content and Distributions
Metals play a pivotal role in biology and are required by approximately 40% of enzymes
for proper function.® This dependency is largely due to the unique inorganic and electronic
properties of transition metals, supporting a myriad of functions in their proteinaceous clients. As
such, transition metals have been studied extensively, and metallomics has emerged as a rapidly
expanding field.>® Metals must be obtained externally to maintain sufficient cellular or organismal

pools. However, metal levels must also be strictly regulated to prevent toxicity at high
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concentrations. Disruption of metal homeostasis can have detrimental effects on an organism, and
various neurodegenerative and cardiovascular diseases as well as cancers have been associated
with alterations in metal levels.>”-** Analogous to eukaryotic systems, bacterial pathogens rely on
metals to replicate.®! In response to the broad importance of metals in biologic systems, analytical
technologies have emerged for metal analysis and imaging. Elemental imaging technologies allow
visualization of both distributions and relative abundances of metals within tissue samples.5?
Imaging studies have focused on many aspects of metal biology, ranging from analysis of
individual metalloproteins to complex pathways in mammalian organ systems.

A variety of strategies can be used to visualize metals within a thin tissue section.®? Stains
and chemical probes are the most basic and accessible reagents to enable visualization of
endogenous metals within a tissue section. Here, introduction of chemicals to the surface of a tissue
enables metal observation by either a visual or fluorescent signature. Chemicals required for this
type of visualization typically select for only one elemental species and vary in sensitivity.>

An unbiased and more sensitive method to simultaneously image multiple metals is X-ray
fluorescence (XRF). This technology relies on atomic excitation and relaxation principles. In XRF,
an atom is excited by an electron, proton, or photon (X-ray) beam. Multiple elements can then be
identified and quantified by the light emitted upon relaxation. Depending on the specific adaptation
of these principles, distinct modalities can allow for subcellular resolution (e.g., micro X-ray
fluorescence microscopy (LXRF), electron probe X-ray microanalysis, particle induced x-ray
emission, and synchrotron X-ray fluorescence microscopy). Resultant XRF datasets can be
represented as false colored images, termed X-ray fluorescence imaging (XFI).93-6

Metal ion analysis is routinely accomplished using inductively coupled plasma (ICP)-MS.

Using this ionization strategy, a high energy plasma is used to produce elemental ions from a
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sample. A plasma is generated using a radio frequency to excite argon (Ar) gas. This ion source
simultaneously eliminates molecular structures and most chemical interferences; however,
polyatomic interferences persist or are formed.®® Specifically, many Ar clusters, such as argon
oxide (ArO), are present and introduce spectral interferences with many ions. Two strategies exist
to overcome polyatomic interferences. The first is to use a higher resolving power instrument such
as a high field dual sector MS. As an example, the most abundant isotopes of ArO (m/z 56.970)
and Fe (m/z 56.942) require a resolving power of roughly 2,550 to separate the ions. The second
strategy is to disrupt polyatomic ion presence. This is accomplished using a collision gas chamber
prior to entrance to the mass spectrometer. This is a highly effective strategy and allows for the
use of a lower resolving power mass spectrometer, such as a linear ion trap; however, collisions
with neutral gas can lessen the abundance of ions of interest. Both strategies to limit polyatomic
ion interferences have been successfully coupled to a laser ablation (LA) stage to measure
endogenous metals from a tissue section. A LA stage can sample specific X,y locations across a
surface using a high energy UV laser. This laser is commonly a quintupled Nd:YAG (213 nm). A
sample is ablated in a sealed chamber at a specific location to be carried to an ICP-MS by an inert
gas. IMS can be conducted by performing systematic ablations and MS measurements across a

sample, or LA-ICP IMS, Figure 1.6.67-68
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Figure 1.6: Laser Ablation Inductively Coupled Plasma Mass Spectrometry
A schematic depicts laser ablation inductively coupled plasma mass spectrometry. Material is
ablated from specific x,y locations to be carried to a plasma torch by an inert gas. Material ionized
by the torch is analyzed by a mass spectrometer.

Secondary ion mass spectrometry (SIMS) is an MS-based technology that enables imaging
of metals from a tissue section with subcellular spatial resolution. High energy primary ions
generated by an ion gun are targeted to specific X,y locations on the sample surface. Impact of the
primary ions both eject and facilitate the formation of secondary ions to be analyzed by MS.%% 70
Although the spatial resolution of SIMS surpasses that achievable with LA-ICP IMS (e.g., ~1 pm
/ pixel with LA-ICP IMS and ~ 500 nm / pixel with SIMS), few metallic species ionize using

SIMS.14’ 67,69

Applications of MALDI IMS to Infections by Staphylococcus aureus

Antibiotic-resistant bacteria are no longer confined to healthcare settings.”! Isolated from
many community settings, resistant strains of Staphylococcus aureus are a public health threat that
cause an estimated 40,000 deaths per year in the United States alone.”®’* Infections by S. aureus
can cause life-threatening illnesses, ranging from soft tissue infections to systemic conditions such
as sepsis.” Infections present with architecture consisting of staphylococcal abscess communities
(SACs) segregated from normal tissue by layers of healthy and necrotic polymorphonuclear
neutrophils (PMNs) in structures termed abscesses (Figure 1.7).7 Unique molecules co-localize

with host and pathogen pathological features of S. aureus tissue abscesses.’® 77 Upon recognition
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of a pathogen, a vertebrate host will deploy mechanisms of immunity. These mechanisms vary
from innate immune pathogen killing to more specialized responses, such as nutrient metal
sequestration in processes known as nutritional immunity.’8-8! Alternatively, S. aureus has evolved
virulence factors to allow for proliferation within a host. Inhibitive, evasive, or defensive
biochemical responses contribute to the success of S. aureus as a pathogen.’?

Mechanisms of S. aureus infectious disease progression and proliferation are not fully
understood. Abscesses observed in murine models vary in size, time of formation, and organ
occupancy. Abscess formation and bacterial proliferation in a murine model of infection have been
previously described in four stages: survival of S. aureus in the blood, preparation of a tissue lesion
site, crisis and disease, and persistence until rupture into the peritoneal cavity.’® Consistent host
responses to the pathogen include the migration of immune response cells to segregate and combat
the microorganisms by various mechanisms. (e.g., phagocytosis, neutrophil extracellular traps
(NETs), and an encompassing layer of fibrin and extracellular matrix).”® 83-85 New studies have
shown the host-pathogen interface, once thought to be a stagnant environment consisting of

necrosis and cell death, to be a highly dynamic cellular environment. 3+ 86-88
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Figure 1.7: Staphylococcus aureus Tissue Abscess Morphology
An H&E tissue stain of a control and S. aureus infected mouse kidney highlight the presence of
abscesses within the infected tissue. A zoom of this structure shows common components of
abscesses. A graphic below shows a more specific structures of abscesses.
Due to the ability of IMS to molecularly probe complex tissue environments without the
need for antigen-specific tags, this technology has been applied to a wide variety of biological and

medical issues. One such area is the application to the field of infectious diseases. Characterization

of the host-pathogen interface by spatially targeted molecular analysis technologies enable a
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deeper understanding of bacterial pathogenesis and host defense mechanisms. IMS has been
employed to investigate this interface, identifying both host and pathogen factors.!3 7787, 88

Advances in IMS instrumentation using FT-ICR MS allow for the measurement of
isotopically resolved protein species directly from tissue, Figure 1.8A and 1.8B.}” Previous
research of protein distributions at the infectious interface focused on the heterodimer calprotectin
(CP) constructed by SI00A8 and S100A9 subunits.?”> 3 CP can bind manganese, zinc, calcium,
and iron (Fe).3%° By decreasing the availability of necessary metal species, metalloproteins inhibit
proliferation of pathogens by processes of nutritional immunity.3! The resolving power provided
by a 15 Tesla (T) FT-ICR MS resulted in the identification of post translational modifications to
S100A8 and S100A9. Modified S100A8 and SI00A9 species were observed to form a spatial
gradient from singly to triply oxidized species as distributions approached bacterial foci, Figure
1.7D.®8 This observation can be explained by reactive oxygen species (ROS) used by a host to kill
pathogens.

Application of IMS in tandem with multiple other imaging modalities such as LA-ICP
IMS, BLI, magnetic resonance imaging (MRI), and blockface imaging provided 3D distributions
of protein and metal abundances at 50 pm spatial resolution.!> Multimodal analysis revealed
heterogeneous bacterial transcriptional responses and host inflammatory responses. Specifically,
IMS allowed visualization of CP throughout a 3D volume of a S. aureus infected murine kidney,
Figure 1.8F. Use of genetically modified bacteria that produce a bioluminescent response to Fe
starvation allowed visualization of transcriptional response in vivo, Figure 1.8E. LA-ICP IMS
provided elemental distributions translocated by processes of nutritionally immunity, Figure 1.8F.
MRI provided a scaffold for 3D reconstruction of image data file. Finally, blockface image

analysis provided visual context to imaging data as well as verification of signal localizations
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within tissue. A major discovery from this study is that abscesses within the same organ have
heterogeneous molecular architectures despite having a homogeneous appearance by traditional
microscopy. Consistent with this observation, bacterial pathogens exhibited heterogeneous
responses both within and between tissue lesions. Collectively, IMS is a promising research tool
for the label-free identification of tissue pathology characterized by altered protein or element

abundance.
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Figure 1.8: MALDI FT-ICR IMS Isotopic Resolution of Proteoforms and Elemental

Context to the Host-Pathogen Interface
(A) MALDI FT-ICR IMS of intact proteins from rat brain tissue (resolving power of ~40,000
at m/z 5000) provide isotopic resolution and allow ions of different charge states and
modifications to be distinguished. The ion labeled 1 is singly charged and ions labeled 2 and 3
are examples of doubly charged ions. (B) An H&E stained tissue section is annotated for S.
aureus abscesses within a murine kidney tissue section. (C) Selected ion images of intact proteins
from kidney tissue from a mouse infected with S. aureus collected using MALDI FT-ICR MS
show advancing oxidation products localizing to the center of infectious foci. lons were
identified using mass accuracy to correlate imaging results with separate top-down proteomics
experiments. (D) A blockface image of a S. aureus infected murine cross section overlaid with
bioluminescent signal shows heterogeneous Fe starvation of bacteria. The bioluminescent signal
is depicted as a yellow sphere outlined in orange. Yellow boxes on the blockface images
correspond to specific abscesses. (E) The MALDI IMS imaging volume for calprotectin
encompassing the infected right kidney was co-registered to the LA-ICP IMS volume for calcium,
manganese, or zinc, displayed obliquely to delineate calprotectin and element distribution
throughout the kidney. Heat maps depict minimum and maximum values in arbitrary units.
Reprinted from Proceedings of the NATO Advanced Study Institute in Detection, diagnosis, and
health concerns of toxic chemical and biological agents, 2019, “Matrix-assisted laser
desorption/ionization imaging mass spectrometry: technology and applications” with permission
from Springer Publishing Company.?
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Use and Utility of Fluorescence and Autofluorescence Microscopy in Multimodal Imaging

Fluorescence microscopy relies on the principles of molecular absorption and emission of
ultraviolet radiation. Occurring on nanosecond time scales, the emission wavelength of light is
typically shorter than the absorption wavelength, termed the Stokes shift. Many excellent reviews
exist that describe the physical principles of fluorescence in detail.”! ®> Various endogenous
molecules within a biological sample can fluoresce after excitation, termed autofluorescence. By
employing specific emission and excitation filters, high contrast morphological information can
be obtained from tissue samples, termed autofluorescence microscopy (AF). Furthermore, the
introduction of exogenous reporter or transgenic fluorophores can provide spatial information
about specific cell types or responses in vivo.” Fluorescence and autofluorescence microscopy are
nondestructive techniques that can be applied prior to any IMS experiment for downstream
information about tissue structures and can be leveraged for accurate computational image

registration and data mining approaches.®? %4

Applications of Integrating Multiple 2-Dimensional Molecular Imaging Modalities
Multimodal imaging studies can incorporate a variety of acquisition technologies resulting
in multiple data dimensionalities, image spatial resolutions, and data sizes. However, a common
goal of image integration is to synergistically combine information derived from multiple
technological sources to elucidate complex biological processes or interactions in situ. The key
challenges in any multimodal study are image registration and data mining of the resultant datasets.
Verbeeck et al. recently advanced data mining strategies for multimodal data by integrating
spatial molecular data with conventional models or scaffolds. In an automated approach, structural

context provided by MRI and the publicly accessible Allen Mouse Brain Atlas was correlated to
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IMS data.”:%® Specifically, IMS-atlas integration was used in one example to perform automated
anatomical interpretation to isolate differential ions in specific tissue sub-regions in normal rat
brain and a Parkinson’s disease rat model.”® However, this strategy has yet to be applied to
elemental imaging data.

Evaluable, accurate registration between modalities was recently accomplished by
Patterson ef al. By leveraging the nondestructive nature of (AF), tissue structures can be identified
and ultimately allow for computational image registration. IMS and AF data were aligned to
specific morphological information from an H&E stain within a single tissue section. IMS datasets
of different spatial resolutions were correlated based on this AF workflow to isolate data from the
same physical locations with a computational metric to determine pixel overlap.”* °"- %8 A
consideration when using the AF registration workflow is the potential elemental, molecular, or
morphological differences when analyzing and combining information from serial tissue sections.

In cases where common modalities and advanced image registration are not employed,
effective multimodal imaging can be performed by acquiring multiple assay types from a single
tissue section. Holzlechner et al. overcame potential differences in serial tissues sections by
analyzing the molecular and elemental constituents of the same tissue section in subsequent
imaging experiments. Specifically, this study achieved quantitative LA-ICP IMS measurements of
platinum from individual tissue sections previously subjected to MALDI IMS. Statistical analyses
isolated molecular species that correlated with platinum distributions.!® Analogous to multimodal
studies of metal and chemical distributions, Svirkova et al. mapped elemental and lipid
distributions within a single bone tissue section by utilizing the nondestructive capabilities of

uXRF imaging (uXFI) in tandem with MALDI IMS to (Figure 1.9A).”°
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Figure 1.9: Overview of Recent Studies Employing Elemental Imaging in 2D

(A) Bright field microscopy images of sectioned bone (left) from two sample preparations (top and
bottom). Images depicting the abundance of two lipids (m/z 760 in red, m/z 725 in green) as well as
calcium distributions (blue) as detected by MALDI IMS and pXFI respectively are shown on the right.
Adapted from Svirkova et al °° (B) NanoSIMS ion image overlay of copper (blue) and phosphorous
(red) from zebrafish retina (left) and an electron micrograph of similar region (right) with false colored
labels highlighting nuclei (red) and megamitochondria (blue). Inset, corresponds to one
megamitochondrion and indicates co-localization of copper puncta and megamitochondria. Adapted
from Ackerman et al '°° Reprinted from Current Opinion in Chemical Biology, 2020, 55, 127- 135,
“Integrated molecular imaging technologies for investigation of metals in biological systems: a
brief review” with permission from Elsevier.!

Another active area of research often employing elemental imaging by XFI in combination
with a variety of additional modalities is in the various sub-fields of neuroscience, as reviewed
elsewhere.!?! Within this area of neurological research, XFI has been applied to many multimodal
imaging studies, often in combination with FTIR. Studies employing such experimental strategies
span a variety of topics, including research into Alzheimer's disease, neurological effects of
diabetes, intracerebral hemorrhage, and brain aging.!0>10°
While previously mentioned studies successfully resolved elemental distributions in tissues

at or above cellular resolutions, Ackerman and colleagues combined LA-ICP IMS and nanoSIMS

with confocal and electron microscopy to quantify subcellular copper accumulation in a Zebrafish
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model of Menkes disease (Figure 1.9B).!% This experimental setup highlights the power of
combining metal imaging with other high-resolution modalities.

Beyond image registration, machine learning methods have been developed to
computationally fuse image data from modalities with disparate spatial resolution and information
content. This approach, termed data-driven image fusion, enables a number of predictive
applications including increased effective spatial resolution, non-biological noise removal, and
out-of-sample prediction.!%® Data-driven image fusion allows for correlation between data from
high information volume imaging technologies such as IMS with more fine-textured, but lower
information content imaging such as stained microscopy. As a proof-of-concept, Van de Plas et
al. computationally combined stained microscopy with MALDI IMS to predictively increase the
spatial resolution of MALDI IMS data beyond the capabilities of current instrumental platforms. !’
This approach is intriguing for the investigation of specific cell types in tissues and as a way to
comprehensively mine molecular relationships as they relate to fine tissue structures. Building on
these preliminary studies, our group has successfully employed fusion to combine high-
performance MALDI FT-ICR IMS and H&E microscopy generated from renal tissue of mice
systemically infected with Staphylococcus aureus. We show the predictive distributions of two
intact protein distributions in and around individual bacterial abscesses at 15 um spatial resolution
(Figure 1.10). It is noted that to acquire the raw FT-ICR IMS data at 75 um spatial resolution
(10,000 total pixels) required ~9 hours. If the experiment was performed at the predicted spatial
resolution of 15 um it would have resulted in >250,000 pixels and would have required >9 days
of continuous data acquisition. This is an example of the necessity for computational predictions
where generation of the data exclusively through experimentation would be impractical or

impossible. In addition to these examples from our research group, fusion has been applied in other
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studies combining other modalities such as SIMS, FTIR, scanning electron microscopy, and
Raman spectroscopy.!%-119 However, to our knowledge, fusion has yet to be applied to elemental

imaging data.

H&E Microscopy (1 um)

Cross-Modality
Model
IMS Measured (75 ym)
m/z 9,183.46 m/z 10,164.07
Rec. Score: 83.68% Rec. Score: 86.55%
- .. .lh "
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Figure 1.10: Data-Driven Image Fusion Applied to MALDI FT-ICR IMS of Intact Proteins

from a S. aureus Infected Murine Renal Tissue Section
Multivariate linear regression is used to construct a cross modality model from H&E stained
microscopy (1 pm spatial resolution) and MALDI FT-ICR IMS of intact proteins (75 pm spatial
resolution, unknown protein at m/z 9,183.46, SI00A8 at m/z 10,164.07) acquired from the same 7
day post S. aureus infected murine renal tissue section. The fused IMS-microscopy data set enables
prediction of protein ion images to higher spatial resolution (15 pm spatial resolution). Statistical
measures of confidence are provided for both predictions (Reconstruction Scores).!?” Reprinted
from Current Opinion in Chemical Biology, 2020, 55, 127- 135, “Integrated molecular imaging
technologies for investigation of metals in biological systems: a brief review” with permission
from Elsevier.!
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Research Objectives and Summary

IMS workflows were developed, characterized, and implemented in combination with
microscopy-based techniques to investigate Staphylococcus aureus pathogenic adaptations within
infections. First, lipid observations from several MALDI matrices were compared to characterize
how a specific sample preparation, including MALDI matrix, influences resultant ions. This
knowledge relating MALDI matrix to lipid observations was then applied to molecularly
interrogate S. aureus lipids within infections. Leveraging fluorescence microscopy of bacterial
reporters and MALDI FT-ICR IMS, m/z values were isolated from fluorescent foci to ultimately
identify and map S. aureus lysyl-PG lipids from a murine infection model. Next, these pathogenic
lipids were visualized from a human endocarditis tissue sample. Finally, cationic antimicrobial
peptides (CAMPs), hypothesized to influence S. aureus lysyl-PG production, were mapped across
the human endocarditis tissue. Continuing this observation that a MALDI matrix will influence
analyte observation, several surfaces coatings were compared to ultimately visualize S. aureus
siderophores within tissue infections. This research was complemented by LA-ICP IMS to map
elemental Fe from sites of infection and fluorescence microscopy to map S. aureus Fe starvation.
The development and application of multimodal workflows to infectious diseases allow for critical
insight to host-pathogen interactions, not accomplished by traditional molecular interrogation

strategies.
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CHAPTER 1T

UNCOVERING MATRIX EFFECTS ON LIPID ANALYSES IN MALDI
IMAGING MASS SPECTROMETRY EXPERIMENTS
This chapter was adapted from the previous published Perry et al., Journal of Mass

Spectrometry, Copyright 2019 by John Wiley & Sons, Inc.!!!

Overview

The specific matrix used in MALDI IMS can influence the molecules ionized from a tissue
sample. The sensitivity for distinct classes of biomolecules can vary when employing different
MALDI matrices. Here, we compare the intensities of various lipid sub-classes measured by
MALDI FT-ICR IMS of murine liver tissue when using 9AA, CMBT, DAN, DHA, and DHB
matrices. Principal component analysis and receiver operating characteristic curve analysis
revealed significant matrix effects on the relative signal intensities observed for different lipid sub-
classes and adducts. Comparison of spectral profiles and quantitative assessment of the number
and intensity of species from each lipid sub-class showed that each matrix produces unique lipid
signals. In positive ion mode, matrix application methods played a role in the MALDI analysis for
different cationic species. Comparisons of different methods for the application of DHA showed
a significant increase in the intensity of sodiated and potassiated analytes when using an aerosol
sprayer. In negative ion mode, lipid profiles generated using DAN were significantly different than
all other matrices tested. This difference was found to be driven by modification of
phosphatidylcholines during ionization that enables them to be detected in negative ion mode.
These modified phosphatidylcholines are isomeric with common phosphatidylethanolamines

confounding MALDI IMS analysis when using DAN. These results show an experimental basis
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of MALDI analyses when analyzing lipids from tissue and allow for more informed selection of

MALDI matrices when performing lipid IMS experiments.

Introduction

MALDI utilizes a small, organic chemical matrix that aids in analyte desorption and
ionization.” In MALDI IMS, ions are generated from discrete x,y locations (pixels) across a sample
surface using laser irradiation, and a mass spectrum is recorded at each position. lon images are
visualized by plotting the relative abundance of any m/z value as a heat map over the measurement
area.!* 12113 No current MALDI matrix preparation provides high sensitivity for all classes of
biomolecules within a single IMS experiment. Thus, the MALDI matrix chosen for an IMS
experiment will greatly influence the measured intensities of various analyte classes during
analysis.”’

MALDI matrices are chosen based on their ability to provide sufficient ionization
efficiency for a given analyte class (e.g. low molecular weight metabolites, lipids, proteins,

polymers, or inorganic compounds) or sub-class.!'® 40- 41, 114-118

Differences in observed analyte
sensitivities can be attributed to the physical properties of a matrix such as molecular structure,
pH, proton affinity, and peak wavelength absorbance.!$: 40: 44-47. 119 DHB is the most widely
employed and studied MALDI matrix offering sufficient sensitives for many analyte classes in
positive ion mode MS analysis. > 4% 30 120-122 9 A A is often used for the analysis of low molecular
weight compounds in negative ion mode MS analysis and DAN ionizes many sub-classes of lipid
species with high sensitivity in both polarities.'® 4’ While both 9AA and DAN are considered

sensitive matrices, energy transferred during the MALDI process can result in analyte modification

or fragmentation complicating data interpretation.**>!- 123 Volatility is also a consideration when
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selecting a MALDI matrix because the matrix layer must remain stable for lengthy acquisition
times (hours) to avoid signal loss during an imaging experiment. Matrix sublimation becomes a
concern when using instruments with high vacuum source regions. DHA is an excellent matrix for
MS analysis of multiple analyte classes, however, its high volatility limits acquisition times of
MALDI TOF experiments.*’

Biological application or technological advancement of MALDI IMS for lipid analysis has
been performed in numerous studies. Advancements include development of tissue washing
protocols, new chemical matrices, and matrix application methods.?% 43 33 124130 The most
thorough studies to investigate MALDI matrices for IMS have focused on DAN, investigating
analyte sensitivity and degradation patterns.'® 1*! However, these studies concentrated on a single
matrix or utilized instrumental platforms with limited molecular coverage, restricting the number
of observed lipids.

Herein, the relative sensitivity and molecular coverage of commonly employed MALDI
matrices is compared for IMS of lipids. This systematic assessment leverages high resolving power
FT-ICR IMS to evaluate lipid profiles with exceptional molecular coverage and specificity.
Comparisons of IMS datasets collected using various MALDI matrices elucidate trends in
observed lipid sub-class and adduct formation. We note the propensity of DAN to modify
phosphatidylcholine lipids during negative ion mode IMS analysis as well as differences in adduct
formation in positive ion mode IMS analysis. Evaluation of the effective sensitivity and molecular

coverage of lipid sub-classes will enable more informed experimental design for IMS experiments.
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Results

Matrix Effects on Positive lon Mode Lipid Analysis

Visual comparison of IMS averaged spectra show differences in spectral profiles for each
matrix tested (Figure 2.1a). In the lower m/z range (m/z 300 — 550), higher intensity signals
resulting from matrix clusters can be observed in the DAN averaged spectrum relative to other
matrices. CMBT, uniquely, produced matrix-lipid adducts that can be observed from m/z 1,000-
1,100 (fragmentation data not shown). Signals from m/z 1,500 — 1,650, observed in all cases, were
determined to be lipid dimer species based on mass accuracy measurements. Although dimer
signals visually appear less intense with CMBT matrix, this is an effect of scaling due to high
intensity signals from m/z 1,000 — 1,100. Lipid sub-classes, compared as a percent composition of
the total number of lipids for protonated, sodiated, and potassiated ion types, generally show
similar profiles for the matrices tested. (Figure 2.1b— 1d). However, several trends were elucidated
for each of the common cation adducts. For [M+H]" ion types (Figure 2.1b), the highest percentage
of phosphatidylglycerols (purple) was detected using DHA. Additionally, DAN resulted in a
higher relative percentage of glycophospholipids (light green), whereas the highest percentage of
phosphatidylserines was detected using 9AA (dark purple). The highest percentage of sodiated
sulfatides (dark orange) was detected using DAN, and the highest percentage of sodiated
phosphatidylethanolamines (dark blue) was detected using DHA (Figure 2.1c¢). Finally, the relative
percentage of potassiated cardiolipins (yellow) and potassiated glycerophospholipids (green) were
higher for all matrices compared to protonated and sodiated ion types (Figure 2.1d). To compare
sensitivity and propensity for adduct formation, the total number of lipids was compared for each

ion type (Figure 2.1e). While the largest number of lipids were detected with DHA, many were
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[M+Na]" ion types. Although DAN is highly sensitive it does not provide the molecular coverage
of 9AA, CMBT, and DHA. These comparisons show broad differences in observed intensities
when employing various matrices for IMS of lipids. However, specific trends in positive ion mode
data can be further isolated using statistical tools such as principle component analysis (PCA) and

receiver operating characteristic curve (ROC) analysis.
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Figure 2.1: Comparisons of Positive Ion Mode Lipid Analyses Using Several MALDI

Comparisons of positive ion mode lipid analyses using several MALDI matrices reveal differences
in global spectral profiles, the relative abundances of lipid sub-classes, and the lipid ion types. (a)
The average spectra from the IMS analysis for 9AA, CMBT, DAN, DHA, and DHB matrices show
differences in global spectral profiles. (b-d) Lipids were aggregated into the appropriate lipid sub-
classes and displayed as a percentage of the total number of lipids for the [M+H]", [M+Na]*, and
[M+K]" ion types. (¢) The total number of lipids was tabulated for each matrix and ion type to
compare molecular coverage. The potential of a single lipid species forming multiple ion types
was not accounted for. Reprinted from Journal of Mass Spectrometry, 2019, e4491, “Uncovering
matrix effects on lipid analyses in MALDI imaging mass spectrometry experiments” with
permission from John Wiley & Sons, Inc.



PCA of positive ion mode IMS data differentiated each of the five MALDI matrices tested
(Figure 2.2). The scores plot from component 1 and component 2 account for 83.0% of the total
variance of the dataset. Qualitatively, most of the differentiation between the spectral profiles of
the MALDI matrices is captured in the first principal component. CMBT, DHA, and DHB positive
ion mode data have the most similar spectral profiles, while data acquired using 9AA and DAN
have overlapping profiles that are clearly distinguishable from the other matrices (Figure 2.2a).
The loadings plot from these data highlights ions that are primary contributors of variation across
datasets and can be used to further probe specific molecular differences. Figure 2.2b shows many
data points corresponding to specific ions, distant from the central data cluster. Ions located outside
of the 95% confidence interval were identified as predominately phosphatidylcholines. Most
phosphatidylcholines to the left of the central cluster are cationized by potassium, while most
phosphatidylcholines right of the central data cluster are protonated. This insight suggests that

there is a large difference in the adducts formed during ionization for each MALDI matrix.
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Figure 2.2: PCA of Positive Ion Mode Data for Several MALDI Matrices
PCA elucidates qualitative differences among positive ion mode data. (a) A positive ion mode
PCA scores plot with a 95% confidence ellipse reveals the variance of the data. (b) A positive ion
mode loadings plot with a 95% confidence ellipse highlights lipids that are separated from the
central cluster, identified as protonated or potassiated phosphatidylcholines lipid species.
Reprinted from Journal of Mass Spectrometry, 2019, e4491, “Uncovering matrix effects on lipid
analyses in MALDI imaging mass spectrometry experiments” with permission from John Wiley

& Sons, Inc.!!!

Heat maps allow visualization of data from binary, supervised ROC analyses based on
intensity and frequency for specific lipid sub-classes and allow for interpretation of sensitivity
differences within these complex datasets (Figure 2.3). ROC analyses were structured to isolate

differences in annotated lipid intensities and frequencies unique to a single MALDI matrix when
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compared to other matrices. Data acquired using 9AA have higher sensitivity for protonated and
sodiated phosphatidylserines relative to other matrices. CMBT, DHA and DHB show similar
relative lipid sub-class sensitivities for protonated species including higher sensitivity for
phosphatidylglycerols and sulfatides. CMBT, DHA and DHB matrices also displayed lower
sensitivity for protonated phosphatidylserines and phosphatidylcholines, and higher sensitivity for
sodiated phosphatidylcholines. Data acquired using 9AA and DAN have a higher sensitivity for
protonated phosphatidylcholines. Finally, DHA resulted in higher sensitivity for potassiated

signals of all lipid classes when compared to other matrices.
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Figure 2.3: Positive Ion Mode Heat Maps to Compare Lipid Abundances
Positive ion mode heat maps for each lipid subclass allow for visualization of differences in
sensitivity and are shown as a function of the ion type [M+H]*, [M+Na]*, and [M+K]*. Blue
represents low abundance of a lipid sub-class and red represents a high abundance. Reprinted from
Journal of Mass Spectrometry, 2019, e4491, “Uncovering matrix effects on lipid analyses in
MALDI imaging mass spectrometry experiments” with permission from John Wiley & Sons,
Inc.!!
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To determine the effect of sample preparation on the ion type observed in IMS, matrix
spray coating was compared to sublimation with and without a washing protocol to remove
endogenous salts from the tissue. Heat maps for protonated, sodiated, and potassiated lipid
annotations are shown for robotically sprayed and sublimated matrix application methods (with
and without washing with 1 mM ammonium formate, Figure 2.4).3% 4 DHA shows a higher
propensity to form potassiated and sodiated ion types when applied using a robotic aerosol sprayer,
presumably due to salts being introduced during the spraying process. When matrix is applied by
sublimation, potassiated and sodiated adducts are reduced. When tissues are washed with an
ammonium formate buffer followed by sublimation of the matrix, protonated lipid ion types
dominate the spectra. This is consistent with previous work showing matrix application and tissue
washing methods influencing adduct formation due to the presence of nonvolatile salts, either

endogenous to tissue or introduced by robotic aerosol sprayer matrix application.® 132
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Figure 2.4: DHA Positive Ion Mode Heat Maps to Compare Matrix Application Methods
Heat maps for each lipid subclass allow for visualization of differences in sensitivity across
[M+H]", [M+Na]*, and [M+K]" ion types based on the DHA matrix application method. Blue
represents low abundance of a lipid sub-class and red is a high abundance. Reprinted from Journal
of Mass Spectrometry, 2019, e4491, “Uncovering matrix effects on lipid analyses in MALDI
imaging mass spectrometry experiments” with permission from John Wiley & Sons, Inc.!!!
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Lipid images of liver tissues collected as part of the statistical analyses highlighted above
are depicted in Figure 2.5. Liver tissue was selected for IMS analysis due to its homogenous
morphology. Three protonated phosphatidylcholines for each matrix are shown in Figure 2.5a.
These ion images display higher abundances in the 9AA and DAN datasets. Three
phosphatidylcholines with potassium adducts are shown in Figure 2.5b. These ion images display
higher intensities in the CMBT, DHA, and DHB datasets. The images visually confirm findings
from the positive ion mode area under the ROC curve (AUC) heat maps, showing differential

formation of protonated, sodiated, or potassiated adducts based on the selected MALDI matrix.
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Figure 2.5: Positive Ion Mode Ion Images to Visually Compare Lipid Presence and
Abundance
Individual lipid images generated from positive ion mode data. (a) Protonated phosphatidylcholine
ion types were found to be more abundant within 9AA and DAN datasets compared to other
matrices. (b) Potassium cationization was found to be more prevalent with CMBT, DHA, and DHB
compared to 9AA and DAN. Reprinted from Journal of Mass Spectrometry, 2019, e4491,
“Uncovering matrix effects on lipid analyses in MALDI imaging mass spectrometry experiments”
with permission from John Wiley & Sons, Inc.!!!
Matrix Effects on Negative lon Mode Lipid Analysis

Negative ion mode IMS lipid analysis predominately results in deprotonated ion types.!3?
Similar analytical strategies as those used for positive ion mode analysis were used to assess
negative ion mode lipid IMS data. Visual comparison of averaged IMS spectra (Figure 2.6a) show
significant differences in spectral profiles. A grouping of high intensity signals can be observed
from m/z 700-800 when using DAN. Annotation of these lipids based on accurate mass

measurements alone suggests that phosphatidylethanolamines are detected with greater sensitivity

using DAN relative to other MALDI matrices. Additionally, the propensity of each matrix to
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produce chemical noise (i.e. matrix clusters) in the low m/z range (m/z values < 500) varies
dramatically. For example, matrix-related peaks are far more intense than lipid signals when using
DHB in negative ion mode. The number of lipid annotations from each sub-class was compared
as a percentage of the total number of annotated lipid species for deprotonated ion types (Figure
2.6b). DHB produced the fewest number of total annotated lipids (Figure 2.6c) predominately
comprised of cardiolipins (yellow), glycosphingolipids (green), phosphatidylinositols (pink), and
phosphatidylserines (dark purple). Similar species were observed for all other matrices tested.
However, DAN showed a significant increase in the number of annotated
phosphatidylethanolamines relative to the other lipid sub-classes. Overall, DAN and 9AA
produced the largest number of deprotonated lipid ions detected in negative ion mode. This
increased efficiency in negative ion mode by 9AA and DAN is attributed to the gas phase basicity
or proton affinity inherent to the matrices. To further dissect trends within negative ion mode data,

PCA and ROC analysis were employed.
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Figure 2.6: Comparisons of Negative Ion Mode Lipid Analyses Using Several MALDI
Matrices

Comparisons of negative ion mode lipid analyses using several MALDI matrices reveal
differences in global spectral profiles and the relative abundances of lipid sub-classes. (a)
Averaged spectra from the IMS analyses for 9AA, CMBT, DAN, DHA, and DHB matrices show
differences global spectral profiles. (b) Lipids were aggregated into the appropriate sub-classes
and displayed as a percentage of the total number of identified lipids. (c¢) The total number of lipids
was tabulated for each matrix to compare molecular coverage. Reprinted from Journal of Mass
Spectrometry, 2019, e4491, “Uncovering matrix effects on lipid analyses in MALDI imaging mass
spectrometry experiments” with permission from John Wiley & Sons, Inc.!!!

PCA of the negative ion mode data provides a global view of the molecular variance
between the MALDI matrices. The scores plot for principal components 1 and 2, accounting for
65.2% of the total variance of the dataset, shows that DHB and DAN datasets lie partially outside

of the 95% confidence interval and distant from data acquired using 9AA, CMBT, and DHA
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(Figure 2.7a). The negative ion mode loadings plot (Figure 2.7b) separates the ions into three areas
outside of the 95% confidence interval ellipse. In addition to matrix clusters, there are many
annotated phosphatidylethanolamines distant from the 95% confidence interval ellipse suggesting
these ions play a large role in the observed variance between the examined matrices. This
observation was confirmed when analyzing the heat maps for specific lipid sub-classes (Figure
2.8). A high AUC value can be observed for phosphatidylethanolamines within the DAN matrix

dataset compared to other negative ion mode data acquired using other matrices.
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Figure 2.7: PCA of Negative Ion Mode Data for Several MALDI Matrices
PCA elucidate differences among negative ion mode data. (a) A negative ion mode PCA scores
plot with a 95" confidence ellipse reveals the variance of the data. (b) A negative ion mode
loadings plot with a 95" confidence ellipse highlights lipids that are separated from the central
data cluster. Reprinted from Journal of Mass Spectrometry, 2019, e4491, “Uncovering matrix

effects on lipid analyses in MALDI imaging mass spectrometry experiments” with permission
from John Wiley & Sons, Inc.!!!
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Figure 2.8: Negative Ion Mode Heat Maps to Compare Lipid Abundances
Negative ion mode heat maps for each lipid subclass allow for visualization of differences in
sensitivity. Blue represents low abundance of a lipid sub-class and red represents a high
abundance. Reprinted from Journal of Mass Spectrometry, 2019, e4491, “Uncovering matrix
effects on lipid analyses in MALDI imaging mass spectrometry experiments” with permission
from John Wiley & Sons, Inc.!!!

A significant driver of this apparent sensitivity for phosphatidylethanolamines is due to
lipid modifications induced by DAN during the desorption/ionization process.** Typically,
phosphatidylcholines are not observed in negative mode analysis due to the fixed positive charge
on the choline head group. However, when performing negative ion mode MALDI MS analysis
of lipids using DAN, a methyl group is lost from the head group of phosphatidylcholines. This loss
enables efficient ionization in negative ion mode, Figure 2.9. It is hypothesized that an amide group
from the DAN matrix molecule interacts with a choline head group during the MALDI process,
resulting in the creation of a 2-methyl amino head group (2MeN). The m/z values corresponding
to phosphatidylcholines modified in this way are isomeric with phosphatidylethanolamines
comprised of two additional carbons in the fatty acyl chains. These modified lipids are often
misidentified and introduce experimental bias when employing DAN as a MALDI matrix to

analyze complex lipid mixtures in negative ion mode.
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Figure 2.9: DAN Matrix Results in Modifications to Phosphatidylcholine Lipids during
Negative Ion Mode Analysis
Phosphatidylcholine lipid standards were analyzed in both positive and negative ionization mode
using hand spotted DAN MALDI matrix. a) Observation of a 16 Dalton shift between analysis of
phosphatidylcholines in positive and negative ionization modes. b) A proposed mechanism shows
the loss of a methyl from the choline head group of the phosphatidylcholine lipid species induced
by DAN matrix. (¢) m/z values from the DAN matrix effect share an accurate mass assignment
with phosphatidylethanolamine lipid species. Reprinted from Journal of Mass Spectrometry, 2019,
e4491, “Uncovering matrix effects on lipid analyses in MALDI imaging mass spectrometry
experiments” with permission from John Wiley & Sons, Inc.!!!

Ion images generated from signals highlighted by negative ion mode statistical analyses
are shown in Figure 2.10. Ion images shown in Figure 2.10a correspond to molecular species less

abundant in DAN data matrix. Alternatively, Figure 2.10b shows ion images for a
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phosphatidylinositol, PI(38:4), detected using all matrices and two examples of
phosphatidylcholines that have been modified during MALDI with DAN (2MeN-PE(36:4) and

2MeN-PE(36:6)).
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Figure 2.10: Negative Ion Mode Ion Images to Visually Compare Lipid Presence and
Abundance
Individual lipid images generated from negative mode data provide visual context to trends. (a)
Many lipid sub-classes were found to be less abundant with DAN compared to the other four
matrices. (b) However, multiple phosphatidylethanolamine and phosphatidylinositol lipids were
found to be more abundant with DAN compared to the other four matrices. Reprinted from Journal
of Mass Spectrometry, 2019, e4491, “Uncovering matrix effects on lipid analyses in MALDI
imaging mass spectrometry experiments” with permission from John Wiley & Sons, Inc.!!!
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Discussion

The sensitivity of commonly employed MALDI matrices for the analysis of lipids was
compared using IMS. A global view of similarities and differences was achieved through both
qualitative and quantitative approaches. Visual comparison of spectral data offered insight into the
most abundant ions for each matrix (lipids, matrix clusters, or matrix-lipid adducts). The total
number of lipids detected and differences between the relative number of species associated with
each lipid sub-class were compared. PCA and ROC analyses enabled examination of intensity-
related trends within the data. These analyses uncovered dissimilarity in the relative sensitivity for
lipid sub-classes and propensity to generate sodiated and potassiated lipid cations. In negative ion
mode, DAN produced lipid profiles that were significantly different than the other matrices tested.
This was found to result from modification of the head group of phosphatidylcholines during
desorption/ionization. An assessment of common lipid matrices uncovered chemical phenomena
attributed to the method of sample preparation, adduct formation, or analyte modification that
should be considered when performing MALDI IMS of lipids. The depth of analysis provided by
this study allowed for insight into data trends that can indicate potential experimental biases.
Furthermore, the data analysis workflow highlighted here can serve as a general strategy for
efficiently processing any IMS experiment where it is helpful to identify trends in global lipid

measurements.
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Methods
Materials and Sample Preparations

2,5-dihydroxyacetophenone (DHA, 97%), 1,5-diaminonaphthalene (DAN, 97%), 5-
chloro-2-mercaptobenzothiazole (CMBT, 90%), 2,5-dihydroxybenzoic acid (DHB, 98%),
ammonium formate, hematoxylin, and eosin were purchased from Sigma Aldrich (St. Louis, MO,
USA). Matrices were purified by recrystallization. 9-aminoacridine free base (9AA) was
purchased from Santa Cruz Biochem (Dallas, TX, USA). Indium tin oxide (ITO) coated slides
were purchased from Delta Technologies, Limited (Loveland, CO). All solvents (methanol,
ethanol, acetonitrile, trifluoroacetic acid, xylenes, and acetone) and optimal cutting temperature
compound were purchased from Fisher Scientific (Kalamazoo, MI, USA).

Fresh frozen mouse liver tissue (n=1 animal) was serially sectioned at 12 um thickness
using a Leica CM3050s cryostat (Leica Biosystems, Buffalo Grove, IL, USA) and thaw mounted
on ITO coated glass slides (Delta Technologies, Loveland, CO, USA). Sections were stored at -80
°C until thawed under vacuum. MALDI matrix was primarily applied by a robotic aerosol sprayer
(TM Sprayer, HTX Technologies, Chapel Hill, NC, USA) using optimized conditions: 9AA in
90% methanol: 10% ddH20 at 85°C, CMBT in 90% acetone: 10% ddH20 at 30°C, DAN in 90%
acetonitrile: 10% ddH20O at 85°C, DHA in 90% acetonitrile: 9.9% ddH2O: 0.1% trifluoroacetic
acid at 85°C, and DHB in 70% methanol: 30% ddH20O at 85°C. Surface densities of sprayed
matrices are as follows: 9AA at 3.1 pg/mm?, CMBT at 18.0 ug/mm?, DAN at 3.6 pg/mm?, DHA
at 3.1 pg/mm?, and DHB at 1.3 pg/mm?2. More information on matrix application by robotic aerosol
sprayer can be found in Table 2.1. For matrix application comparisons, matrix was sublimed onto
tissue sections using a custom-built sublimation apparatus [36]. Sublimation was performed using

approximately 300 mg of DAN at 130°C and 25 mTorr vacuum for a final coating density of 2.0
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pg/mm? and approximately 300 mg of DHA at 110°C and 25 mTorr vacuum for a final coating
density of 2.0 ng/mm?. Surface density of sublimated matrix was calculated by weight differential.
Post-imaging, sections underwent a methanol wash to remove matrix followed by hematoxylin
and eosin (Fisher Scientific, Kalamazoo, MI, USA) staining. Stained sections were scanned for
visualization using a Leica SCN 400 optical slide scanner (Leica Microsystems GmbH, Wetzlar,

Germany) at 20X magnification.

Matrix | Solvent Composition [Temperature |Passes |Concentration |Solvent Flow Rate |Nozzle Velocity [Track Spacing|Surface Density*
(°C) (mg/mL) (mL/min) (mm/min) (mm) (ng/mm?)

90% methanol: 10%

9AA  [ddH:O 85 8 5 0.11 700 2 31
90% acetone: 10%

CMBT [ddH;0O 30 4 15 0.10 1100 15 18.0
90% acetonitrile: 10%

DAN  [ddH;O 85 4 10 0.15 1200 15 3.6

DHA  [90% acetonitrile: 9.9%
ddHz0: 0.1% TFA 85 4 15 0.1 1100 2 31
70% methanol: 30%

DHB [ddH;O 85 12 40 0.9 1200 2 1.3

Table 2.1: MALDI Matrix Spray Application Parameters

Surface densities are based on theoretical calculations from the following formula:

NP x Cm x FRm

Wsurface - VxTS

Wurface 18 the weight of the matrix applied to the surface in mg/mm?, NP is the number of passes,
Cm is the concentration of the matrix, FRm is the matrix solution flow rate, V is the velocity of
the nozzle, and TS is the track spacing of the nozzle. Reprinted from Journal of Mass Spectrometry,
2019, 4491, “Uncovering matrix effects on lipid analyses in MALDI imaging mass spectrometry
experiments” with permission from John Wiley & Sons, Inc.!!!

Imaging Mass Spectrometry
All experiments were performed using a 15T FT-ICR mass spectrometer (MS) (solariX,
Bruker Daltonics, Billerica, MA, USA) equipped with an Apollo II dual MALDI/ESI source and
an infinity cell (Bruker Daltonics, Billerica, MA, USA). The MALDI source employs a smartbeam
II 2 kHz, frequency tripled Nd:YAG (355 nm) laser. Molecular images were acquired with a pitch

of 300 um in both the x and y directions using a ~50 um laser beam size (250 to 1500 laser shots).

54



Laser fluence was adjusted for each sample to achieve optimal analyte signals. IMS data were
acquired in both polarities from m/z 300 - 2000 with a resolving power (m/Am) of ~ 330,000 at m/z
400. An x,y pitch offset of 150 um allowed IMS data acquisition of both polarities from each
prepared tissue sample. The time domain file size was set to 2M (free induction decay: 1.15 s).
The ion optics were tuned to maximize transmission at the defined m/z range including the funnel
radio frequency amplitude (220 peak-to-peak voltage (Vyp)), source octopole (5 MHz, 310-360
Vpp), collision cell (collision cell voltage: +/- 2-3 V, cell: 2 MHz, 800-1000 V), time-of-flight
delay (0.7- 0.8 ms), transfer optics (4 MHz, 380 V), and quadrupole (Q1 mass: m/z 550-700) for
each matrix used. In-source collision-induced dissociation was introduced when necessary to
reduce matrix clusters. The source DC optics were also tuned to maximize signal (capillary exit
+/- 260 V, deflector plate: +/- 200 V, plate offset: +/- 80 V, funnel 1: +/- 110-180 V, skimmer 1:
+/- 15-35 V) as well as the ICR cell parameters (transfer exit lens: +/- 15 V, analyzer entrance: +/-
1.5 V, side kick: 0 V, side kick offset: +/- 6-9 V, and front and back trap plates: +/- 1.0-1.5 V). Ion
detection was performed using a sweep excitation power of 18%. Data were calibrated externally
using red phosphorous clusters prior to analysis and calibrated internally post-acquisition in FTMS
Processing software (Bruker Daltonics, Billerica, MA, USA) using known lipid species as lock
mass assignments. Data were acquired in triplicate for each MALDI matrix. H&E stained bright
field images of the tissue sections were overlaid with IMS data and imported into SCiLS Lab

software (version 2016b, SCiLS GmbH, Bruker Daltonics) for visualization and analysis.
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Data Analysis

Data from lipid measurements were analyzed using SCiLS Lab 2016b (Bruker Daltonics,
Billerica, MA, USA) (Figure 2.11). Unsupervised analyses consisted of spatial segmentations and
PCA. Bisecting k-means spatial segmentation was applied to all acquired data to identify off-tissue
spectra containing only matrix signal in order to remove them from consideration for analysis.
Following segmentation, positive and negative ion mode datasets were separately subjected to
PCA with three components for multivariate comparison. For supervised analyses, peak filter lists
were created from m/z values corresponding to lipid species derived from LIPID MAPS database
(The LIPID MAPS Lipidomics Gateway, http://www.lipidmaps.org/) and imported into SCiLS
Lab software. Peak interval windows were created from values +/- 0.009% (~18 ppm) of each m/z
value for [M+H]", [M+Na]", [M+K]*, and [M-H] potential ion types. Percentage-based intervals
appropriately scale increasing m/z values with decreasing instrumental mass resolution. Peak filter
lists allowed rapid molecular annotation of any intensity value (filtered to signal-to-noise ratio >
3) present within an interval. Although the wider mass interval windows can provide false positives
for chemical annotation, the high resolving power (>300,000 at m/z 750) and recalibrated mass
accuracy (<3 ppm) of the FT-ICR MS data limit these occurrences. However, it is noted that this
approach does not account for isomeric species. All molecular identifications are tentative and
based on accurate mass measurements. ROC analyses of the annotated intensities from the
LIPIDMAPS interval list were performed by comparing data replicates (n=3 analyses per MALDI
matrix) from one matrix in a single class to replicates from all other experimental groups.
Structuring the ROC analyses in this manner isolated differences in lipid intensities and
frequencies unique to a single MALDI matrix when compared to other matrices. AUC values for

each interval were exported for the generation of heat maps using the open source R environment
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or Microsoft Excel. AUC values measure the discrimination quality of a single signal between two
distributions (sets of matrix associated IMS pixels in this instance). A value of 1.0 or 0 would
indicate perfect discrimination between two classes. Color gradients were applied to AUC values
within each heat map. These AUC color gradients allow visualization of the corresponding
frequency and abundance of a variety of lipid species from any experimental condition. In heat
maps displaying only lipid sub-class rather than specific lipid species, AUC values were averaged
for all lipid species in a class and color gradients were assigned based on percentiles. Ion images
were generated for specific m/z values highlighted by statistical analyses to visually confirm

findings. Ion images provided visual context of the trends identified by the analyses.
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Figure 2.11: Bioinformatics Workflow to Compare the Lipid Sensitivity and Specificity of
Several MALDI Matrices
Several bioinformatics strategies were used to globally visualize the lipid sensitivity and
specificity of common MALDI lipid matrices post data collection. (a) For unsupervised analyses,
IMS datasets were segmented using bisecting k-means to remove background matrix noise and
ensure comparison of similar areas of tissue. (b) Comparisons of variance among experimental
conditions were conducted by PCAs. (¢) For supervised analyses, ROC analyses were conducted
using peak intervals generated from LIPID MAPS database. (d) The AUC from the analysis of
each ion was used as a metric to judge discrimination to an experimental group. Intervals
corresponding to lipid species were visualized by AUC value heat maps sorted by lipid class, acyl
chain lengths and unsaturation (e) lon images from the m/z values stated to change in both the
supervised and unsupervised analyses were consulted to visualize the changes in signal intensity
across experimental sample conditions. Reprinted from Journal of Mass Spectrometry, 2019,
e4491, “Uncovering matrix effects on lipid analyses in MALDI imaging mass spectrometry
experiments” with permission from John Wiley & Sons, Inc.!!!
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CHAPTER III
VISUALIZATION OF STAPHYLOCOCCUS AUREUS PATHOGENIC MEMBRANE
MODIFICATION WITHIN THE INFECTION ENVIRONMENT BY A MULTIMODAL
IMAGING MASS SPECTROMETRY APPROACH

This chapter was adapted from an article planned for submission in 2020

Overview

Bacterial pathogens have evolved virulence factors to colonize, replicate, and disseminate
within the vertebrate host. Multimodal imaging approaches allow for the visualization of host-
pathogen interactions at the molecular level. Here we image modifications to the Staphylococcus
aureus envelope within infected murine and human tissue. Data mining strategies leveraging
multimodal data-driven fusion of fluorescent bacterial reporters and MALDI FT-ICR IMS isolated
S. aureus lysyl-phosphatidylglycerol lipids, localizing to select bacterial communities within
infected tissue. Lysyl-phosphatidylglycerol lipids are associated with increased pathogenicity
during vertebrate colonization and provide protection to S. aureus against the innate immune
system. The presence of distinct lysyl-phosphatidylglycerol lipid distributions within both murine

and human infections suggests a heterogeneous microbial response to host defenses.

Introduction
The increased incidence of antimicrobial-resistance among bacterial pathogens has
emphasized the need to discover critical pathogenic adaptations that can be targeted to develop
alternative therapeutics.!3* Staphylococcus aureus is an increasingly antibiotic resistant human

pathogen, capable of causing a variety of life-threatening illnesses that range from soft tissue
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infections to serious systemic conditions.”> Antimicrobials to combat bacterial infections
commonly function by disrupting critical microbial processes such as envelope biogenesis and
stability.!3® Frequently used to combat gram-positive bacterial infections, cationic compounds
such as daptomycin, a last resort antibiotic, and host generated CAMPs bind or insert into bacterial
membranes to compromise structural integrity.!3® Aminoacylation of anionic phosphatidylglycerol
membrane lipids is a common strategy employed by bacterial pathogens to reduce electrostatic
interactions and evade cationic compounds.'*” S. aureus is known to modify PG membrane lipids
with lysine residues (lysyl-PG) through multiple peptide resistance factor (MprF), providing
resistance to cationic compounds.®”

Lesions within soft tissue known as abscesses are a hallmark of S. aureus infection.
Abscess morphology consists of SACs segregated from normal host tissue by layers of necrotic
and healthy PMN innate immune cells.”® Recruited PMNs phagocytose bacteria and release
numerous antimicrobial compounds including reactive oxygen and nitrogen species, antimicrobial
peptides, and digestive enzymes.?* Staphylococcal dissemination within a vertebrate host relies on
a diverse array of virulence factors.!*® Many of these virulence factors are involved in evasion or
resistance against immune mediated killing. One such example is the production of lysyl-PGs by
MprF and subsequent incorporation within the staphylococcal envelope. Comprised of synthase
and flippase domains, MprF facilitates transfer of lysine from lysyl-transfer RNA to
phosphatidylglycerol lipids to then be translocated to the outer membrane leaflet.!* The decreased
net negative charge of the altered membrane decreases electrostatic attraction from positively
charged antimicrobials providing resistance against these compounds.!*® Absence of lysyl-PG
production results in increased killing by human PMNs and attenuated virulence in a murine model

of systemic infection.® Genetic modifications to MprF have been identified that result in increased
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lysyl-PG abundance, attributed to increased activity by the synthase or flippase domains. Increased
lysyl-PG production results in decreased susceptibility or resistance to daptomycin.!'40-142
Emerging literature suggests that the staphylococcal abscess is a molecularly heterogenous
environment and therefore SACs elaborate differential gene expression across distinct abscesses

and even within a single abscess.!3 143

This questions the abundance and distribution of lysyl-PGs
produced by staphylococcal communities within infected tissue. However, the spatial structure and
unique interplay of host and bacterial factors that comprise abscesses make in vivo studies of this
interface challenging, and most technologies do not allow for the selection or enrichment of
bacteria-specific metabolic factors from the complex chemical matrix of tissue.

Traditional discovery approaches to molecularly investigate tissue samples require
solubilization, eliminating spatial information and diluting low abundance analytes of interest.
MALDI IMS has proven its utility as an ex vivo technology to study host-pathogen chemical
interactions at sites of infection.!!-14.77.87.88,143-145 The distribution and abundance of any mass-to-
charge ratio can be mapped across the measurement area as an ion image.'* Recent advancements
in IMS instrumentation allow for unprecedented molecular specificity and spatial fidelity, in some
instances approaching sub-cellular resolution.!46-148 Despite advances in imaging technologies,
there is no universal technique or modality that can capture all molecular and morphological
information in a single experiment. Thus, the incorporation of multiple co-registered or
computationally fused imaging modalities can provide new information about a tissue’s surface.*
107" Application of various endogenous fluorescent markers, such as transgenic host fluorophores
or bacterial fluorescent reporters, can drive IMS data mining strategies and interpretation.®® In this

type of workflow, fluorescence microscopy data can be obtained prior to IMS without effects on

the molecular signatures detected by mass spectrometry. Furthermore, both datasets can be
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acquired from a single tissue section, eliminating any issues with registration between serial
sections. Herein, we leverage high performance MALDI FT-ICR IMS informed by fluorescence
micrographs of transcriptional bacterial reporters to investigate the presence and distributions of

S. aureus lysyl-PG lipids within soft tissue infections.

Results
Differential Distributions of S. aureus Lysyl-PGs are observed within Murine Abscesses

To investigate molecular species co-localizing with SACs, S. aureus infected tissues were
analyzed using a multimodal approach integrating fluorescence microscopy, MALDI IMS of
lipids, and H&E staining (Figure 1). A systemic model of staphylococcal infection was completed
by intravenously inoculating mice with S. aureus Punarfp, where red fluorescent protein (RFP)
expression is driven by the mntA4 promoter, a gene whose expression increases upon manganese
starvation.! Seven DPI, tissues were harvested, frozen on dry ice, and thinly sectioned for
analyses. Visual comparison of the H&E stain and the fluorescence micrograph show co-
localization of the RFP fluorophores to the SACs (Figure 1A & 1B). All SACs present within the
abscess express the RFP reporter. Fluorescence microscopy of the RFP reporter is a chemically
non-destructive approach to distinguish bacterial foci prior to IMS. An ion image overlay (Figure
1C) of various murine and bacterial molecular species highlights the power of IMS to molecularly
interrogate complex tissue environments without the use of tags of labels.

To isolate and explore relationships of ions that localize to bacterial foci, data-driven image
fusion was employed. This computational method of data analysis connects the spatial and
informational content of two imaging modalities by constructing a mathematical cross-modality

107

model using multivariate linear regression.'”’ Data-driven image fusion has previously been
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applied to various studies for sample prediction such as spatial sharpening and out-of-sample
predictions.!97 198 149 However, this discovery application of data-driven image fusion only
executes the first model-building phase of the fusion framework. The prediction portion of data-
driven fusion is not necessary for this approach, avoiding uncertainties inherent to predictions.
IMS images are tied to a fluorescence micrograph using multivariate linear models, isolating
correlative relationships between the two modalities. Specifically, we searched for relationships
between IMS data and the RFP bacterial reporter, isolating ions of bacterial origin.

Fusion of the IMS and fluorescence microscopy datasets isolated many ions with high
correlations to the RFP fluorescent reporter (Table 3.1). Database searching using The LIPID
MAPS Lipidomics Gateway (http://www.lipidmaps.org/) resulted in tentative identification of
many, but not all, ions of interest. MALDI MS/MS experiments to profile fluorescent bacterial
foci resulted in the molecular identification of lysyl-PGs (Figure 3.2). Lysyl-PGs in Figure 1D are
not present at all locations of bacterial fluorophores. This suggests differential production of lysyl-
PG across distinct SACs within the same abscess. An extracted MALDI MS spectrum (Figure 1E)
from a single pixel co-localizing with a SAC is annotated for three lysyl-PGs. Notably, tissue
abscesses were not observed within infection models of S. aureus Anp-r (Figure 3.3). By leveraging
multiple imaging modalities, heterogenous distributions of lysyl-PGs were mapped to

staphylococcal communities within a murine infection model.
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Image Fusion
Relative Slope
(TRITC)
1.3 1143.5
0.6 544.1
1.4 354.2

Database Ppm

m/z Lipid Identification Matches Error

687.5438 | PE-Cer(d36:1)
735.5178 PG(33:0)
797.6531 | PE-Cer(d44:2)

1
3
1
6164720 | CerP(d34:1) 2 1.3 346.9
707.4871 PG(31:0) 3 0.3 343.9
835.5811 | Lysyl-PG(31:0) 2% 0.9 336.4
863.6132 | Lysyl-PG(33:0) 3% 0.1 305.8
747.5162 PG(34:1) 4 2.7 262.7
699.4974 PA(36:2) 4 0.5 174.7
721.5044 PG(32:0) 4 2.7 140.7
849.5987 | Lysyl-PG(32:0) 1% 1.5 102.2

Table 3.1: Image Fusion Data Mining Results

Table 3.1 shows selected ions isolated by image fusion of IMS data and fluorescence microscopy
of the red fluorescent protein bacterial reporter. Lipid identifications are based on accurate
measurements. Asterisks indicate that the final identification was not present within the database.
Part per million (ppm) errors are calculated using theoretical m/z values. Error values were
calculated by comparison to a single extracted spectrum that was calibrated internally using known
lipid species. The image fusion relative slope is for the TRITC channel, corresponding to the
bacterial RFP reporter. All ions and relative slopes for all fluorescence channels are present in the
supplemental materials.
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Imaging Mass Spectrometry

Stained Fluorescence
Microscopy Microscopy

D  Fluorescence Microscopy Lysyl-PG(31:0) Fusion Relatjve | Lysyl-PG(32:0) Fusion Relative

m/z835.5811 Slope: 3364 | m/z849.5987 Slope: 102,2| m/2 863.6132 Slope: 305.8
(0.9 ppm) \ | (1.5 ppm) (0.1 ppm)

Intensity (x10°)
E 3.0

Lysyl-PG(31:0) Lysyl-PG(32:0) Lysyl-PG(33:0) Single extracted mass spectrum
m/z 835.5811 m/z 849.5987 m/z 863.6132 from a fluorescent plxel
(0.9 ppm) (1.5 ppm) (0.1 ppm)

Figure 3.1: MALDI IMS Informed by Bacterial Fluorescent Reporters Isolates S. aureus
Lipids

MALDI IMS spatially informed by fluorescence microscopy of S. aureus, Punarfp maps chemical
information from staphylococcal colonies. (A) An H&E stain of a 10 DPI murine renal tissue
section shows an abscess. (B) A fluorescence micrograph the same tissue section as A and C prior
to MALDI IMS highlights the location of SACs (RFP). (C) An ion overlay image highlights the
various molecular constituents of the abscess and chemical complexity of the tissue section. (D)
Ion images were generated from signals co-localizing with RFP fluorophores (red crosshairs).
Lysyl-phosphatidylglycerol lipid species were isolated based on spatial localizations and identified
by subsequent MALDI MS/MS experiments. (E) A zoom of single extracted mass spectrum shows
signals corresponding to lysyl-PGs.
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A  Murine Kidney, 7 DPI B MALDI mass spectrum of S. aureus abscess. 5 Da isolation CID at m/z 849.6
Fluorescence Micrograph
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Figure 3.2: MALDI MS/MS Profiling of Lysyl-Phosphatidylglycerol Lipids at Sites of
Infection

Identification of S. aureus lysyl-PG lipid species from the infection environment using on-tissue
MALDI MS/MS. (a) A Non-destructive fluorescence microscopy image of the RFP bacterial
transcriptional reporter allowed for spatial targeting using MALDI MS/MS. Using many laser
shots directed at the indicated area (circle), a 5 Da isolation window was centered on m/z 849.6 to
perform collision induced dissociation (CID). (b) The resulting MALDI MS/MS spectrum
identified the ion at m/z 849.6 as lysyl-PG(15:0 17:0) based on the resulting fragments. Other ions
were observed in the spectrum due to the large isolation window needed to generate enough ions
for analysis. A predicted molecular structure is present within the spectrum, depicting the location
of the lysine modified to the glycerol head group of the phospholipid chemical species.
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7 DPI, S. aureus Wildtype 7 DPI, S. aureus A, |

Figure 3.3: Tissue Stains from an Infection Model Using a S. aureus Genetic Mutant
Inactivated for Lysyl-Phosphatidylglycerol Production
Systemic infection model of S. aureus, Anp-rdo not present with kidney tissue abscesses at 7 DPI.
A) A murine kidney tissue section infected with S. aureus wildtype show typical abscess formation
expanding the tissue section (white arrows). Bacterial presence can also be observed from the
ureter of the tissue (yellow arrows). B) Murine kidney tissue sections infected with S. aureus, Amprr
in biological triplicate do show abscess formation. Bacteria can be observed in the ureter of two
of the tissue sections (yellow arrows).
S. aureus Lysyl-PGs and Host Cationic Antimicrobial Peptides are Present in Human
Endocarditis Infections

Infective endocarditis is an infection of the endocardium, or the inner tissue lining of
cardiac chambers and valves. These infections, commonly termed vegetations, are associated with
both high morbidity and mortality among human patients. S. aureus is the most common causative
pathogen for this disease.!>%152 To investigate the presence of lysyl-PGs within these infections,
human tissue from patients with community acquired- methicillin sensitive S. aureus (CA-MSSA)
infective endocarditis was subjected to MALDI IMS of lipids. Figure 3.4A shows a graphic of an
infected aortic valve within a human heart. This highlights the location of the excised tissue shown
in an H&E stain. An H&E stain is annotated for diseased and normal tissue regions. Like soft
tissue abscesses, endocarditis vegetations are composed of recruited innate immune cells and

SACs. Ion images from MALDI IMS of lipids performed on a serial tissue section (Figure 3.4B)

show localizations of both S. aureus PGs and lysyl-PGs. Single extracted spectra annotated for the
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lipids are present in Figure 3.5. Similar to previous observations from ion images of infected
murine tissue (Figure 3.1C — 3.1E), distributions of the two lipid classes are not overlapping.

Furthermore, lysyl-PGs localize closer to normal valve tissue in the analyzed human tissue sample.
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Figure 3.4: S. aureus Lysyl-Phosphatidylglycerol Lipids from Human Infective
Endocarditis Tissue
MALDI IMS of lipids from infective endocarditis tissue reveals S. aureus PGs and lysyl-PGs. (A)
A graphic depicts infected human heart tissue lesions. A tissue stain of an infected heart lesion is
annotated for normal and diseased tissue. (B) Ion images of S. aureus PGs show distributions
across the diseased tissue. Increased presence of lysyl-PGs can be observed near normal tissue
(zoom).
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Figure 3.5: Single Extracted Spectra from MALDI IMS of Human Infective Endocarditis
Tissue

Single extracted spectra from MALDI IMS of lipids from infective endocarditis tissue are
annotated for lipid species of bacterial origin. (A) Two PG lipids are annotated with low ppm
errors. (B) Two lysyl-PG lipids are annotated with low ppm errors.

Furthering this investigation of CA-MSSA endocarditis, MALDI IMS of intact proteins
was acquired from a serial tissue section. Spectral examination of the averaged IMS spectrum
(Figure 3.6) revealed the presence of 2 high intensity protein distributions at approximately m/z
3371 and m/z 3442. Ton images of the two species revealed distributions that span the entirety of
the diseased regions of the tissue (Figure 3.6). Subsequent bottom-up LC-MS/MS workflows
identified these analytes as a-Defensin 2 and a-Defensin 1 CAMPs, Figure 3.7b. Accurate mass
measurements from FT-ICR IMS identify the distributions with low ppm mass errors. Notably,
the CAMPs are absent from the normal valve tissue. It is hypothesized that the presence of CAMPs
provokes lysyl-PG production, potentially influencing the location of lysyl-PGs in the MALDI
IMS of lipids from the serial tissue section. Expanding on the observations from a murine model
of infection, heterogeneous distributions of lysyl-PGs as well as host CAMPs were mapped to

human infected tissue.
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Figure 3.6: Averaged IMS Spectrum of Intact Protein Distributions from Human Infective
Endocarditis Tissue

An averaged IMS spectrum of intact proteins show high intensity signals from m/z 3000- 4000. A

zoom of this region shows the isotopic resolution of the signals. The signals were identified as a-

Defensin 2 and a-Defensin 1, respectively, by accurate mass measurements when compared to LC-

MS/MS measurements. The m/z values listed as well as the ppm errors refer to the most intense

isotope within the distributions for each.
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Figure 3.7: MALDI IMS of Intact Proteins and Subsequent LC-MS/MS Analysis from
Human Infective Endocarditis Tissue
MALDI IMS of intact proteins from infective endocarditis tissue reveals CAMPs colocalizing with
diseased tissue (A) Ion images of host CAMPs, a-Defensin 2 and a-Defensin 1 show high
abundances within diseased tissue. (B) LC-MS/MS spectra from bottom up proteomics workflows
show peptides from o-Defensin 2 and a-Defensin 1.
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Discussion

In this work, we mapped host and staphylococcal molecular responses within infection
environments. A multimodal imaging approach combining fluorescence microscopy and MALDI
IMS was mined using a computational strategy to isolate ions with correlative spatial relationships
to a bacterial fluorescent reporter. A subsequent experiment identified many of the highly
correlated ions to be lysyl-PG lipids. Lysyl-PGs and CAMPs were subsequently mapped to
endocarditis infection within human tissue. Heterogeneous distributions of lysyl-PGs were
observed from both experiments, highlighting the potential for niche specific responses during
infection.

These results provide insight into mechanisms of host innate immunity and bacterial
pathogenesis at the site of infection. While the production of lysyl-PGs by S. aureus is attributed
to virulence and antimicrobial resistance, this evasive response had yet to be observed in vivo.!4-
142 Lysyl-PGs are not present at all SACS within a murine infection model. This suggests
differential molecular responses to host stresses or mechanisms of innate immunity. Lysyl-PG
distributions from a human endocarditis tissue sample show the heterogeneous presence of lysyl-
PGs with S. aureus PGs and suggests variation in molecular responses, potentially relating to
fitness. Distributions of a-Defensin 1 and a-Defensin 2 CAMPs localize to diseased tissue and are
absent from normal valve tissue. However, increased presence of lysyl-PGs localizes near the
normal valve tissue. Presence of the lipids at that location as well as the lack of CAMPs could be
due to bacterial evasion of the innate immune system. Defensins were not observed from systemic
infection models due to the lack of production by mice.

Many studies have highlighted the molecular heterogeneity present in S. aureus tissue

infections.!3 143153 While the in vitro roles of lysyl-PGs and other various pathogenic adaptations

73



are known, it is not clear when and where these adaptations are most important during infection.®%-
139, 141, 142, 154 Molecular heterogeneity across infectious foci could be explained by differential
responses or mechanisms of host-pathogen interactions, highlighting the potential for niche-
specific S. aureus pathogenic strategies. Organ-specific responses to infection may also exist.
Increased understanding of when and where these pathogenic adaptations are required for bacterial
proliferation can drive the search for alternative, novel therapeutics.

Spatial molecular technologies such as MALDI IMS will assist in relating molecular
heterogeneity to conditions, environments, or other, previously uncharacterized, molecular
distributions to further elucidate host-pathogen interactions. Due to the lack of tags or labels, IMS
allows for untargeted chemical information from a tissue surface, not achievable by other
technologies. Furthermore, untargeted molecular analysis of staphylococcal infections, as
provided by MALDI IMS, can drive the search for uniformly expressed bacterial factors, as these
factors can serve as candidates for vaccine targets. Incorporation of other imaging modalities to
MALDI IMS, as exhibited here, allows for increased information about a tissue surface, expanding
testable hypotheses. Application of automated data mining strategies, such as data-driven image
fusion, can isolate relationships between datasets. Leveraging this spatial information, chemical
mechanisms of bacterial pathogenicity and antibiotic resistance as well as host innate immunity

were mapped across infections in murine and human tissue.
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Methods

Materials
Ammonium formate, hematoxylin, and eosin were purchased from Sigma Aldrich (St.
Louis, MO, USA). 1,5-diaminonapthaline (DAN) and 2,5-dihydrxyacetophenone (DHA) were
also purchased from Sigma Aldrich (St. Louis, MO, USA) then purified by recrystallization.
Indium tin oxide (ITO) coated slides were purchased from Delta Technologies, Limited (Loveland,
CO, USA). All solvents (methanol, ethanol, acetonitrile, acetic acid, chloroform, and xylenes) and
optimal cutting temperature compound were purchased from Fisher Scientific (Kalamazoo, MI,

USA).

Bacterial Strains and Growth Conditions

Bacterial strains, primers, and plasmids used in this study are listed in Table 3.2. Bacteria
were routinely cultured at 37°C in Difco Tryptic Soy Broth (TSB) or on Tryptic Soy Agar (TSA)
with 10 pg/mL erythromycin or 10 ng/mL chloramphenicol antibiotics supplemented as needed.
All growth in liquid medium occurred in an Innova 44 incubator shaking at 180 rpm, unless
otherwise noted. Fifteen-milliliter round-bottom polypropylene tubes with aeration lids at a 45°
angle were used for all standard cultures of 5 ml. The S. aureus clinical osteomyelitis isolate strain
Newman served as the genetic background for all experiments.!>> The construction of S. aureus
strain Newman p.Puuurfp has previously been described.!® The strain inactivated for lysyl-PG

production (mprF::erm) has also been previously described.®’
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Strain Genotype Description Reference
Newman WT Wild-type, methicillin-sensitive clinical isolate | !¢
Newman mprF::erm | In frame deletion of mprF gene marked with | %

erythromycin resistance cassette
Plasmid Description
pOST Pynea rfp mntA promoter driving expression of a red | 13
fluorescent protein, responds to manganese
starvation.

Table 3.2: S. aureus Strains, Plasmids, and Primers Used

Murine Model Procedures

All animal experimental protocols were reviewed and approved by the Vanderbilt
University Institutional Animal Care and Use Committee (IACUC) and are in compliance with
institutional policies, NIH guidelines, the Animal Welfare Act, and American Veterinary Medical
Association guidelines on euthanasia. S. aureus strains were streaked from freezer stocks onto
TSA with antibiotics, as required, and grown for 24 h at 37°C. Isolated colonies were used to
prepare overnight cultures in 5 mL TSB. For all experiments, 6-8 week old female BALB/cJ mice
(Jackson Laboratory) were retro-orbitally infected with 1 x 107 CFU in 100 pl of sterile phosphate-
buffered saline as previously described.!*® Following infection, mice were humanely euthanized
on day 4, 7, or 10. The kidney, hearts and livers were removed and immediately frozen on a bed

of dry ice. Tissues were stored at -80°C until needed for further processing.

Patients and Endocarditis Vegetations
Vegetations were collected prospectively during open-heart surgery for infective
endocarditis under an approved Cleveland Clinic Institutional Review Board protocol with verbal
patient consent (Protocol #16-1521). Visible blood clots on vegetations were removed with forceps
and residual blood was reduced by extensive rinsing in phosphate buffered saline. Vegetations

analyzed using LC-MS/MS were snap-frozen in liquid nitrogen and stored at -80 °C.
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Sample Preparation

Fresh frozen tissues were serially sectioned at 10 pm using a Leica CM3050s cryostat
(Leica Biosystems, Buffalo Grove, IL, USA) and thaw mounted on glass microscope slides (Fisher
Scientific, Kalamazoo, MI, USA) or indium tin oxide (ITO) coated glass slides (Delta
Technologies, Loveland, CO, USA. Sections were stored at -80 °C until thawed for analysis under
vacuum for approximately 15 minutes. MALDI matrix for lipid analysis was applied by a robotic
aerosol sprayer (TM Sprayer, HTX Technologies, Chapel Hill, NC, USA). Samples for the
analysis of lipids were washed using ammonium formate buffer as reported previously then
homogeneously coated with DAN using optimized conditions at a surface density of 3.6 pg/mm?.3°
Samples for the analysis of intact proteins were washed of lipids and salts as previously reported
then homogenously coated with DHA using optimized conditions at a surface density of 3.1
ng/mm?.4 Samples for protein analysis were then recrystallized as previously reported.!® Post-
MALDI IMS, tissue sections were washed of matrix using methanol and stained with hematoxylin
and eosin (Fisher Scientific, Kalamazoo, MI, USA). Bright field images of stained sections were
acquired using a Leica SCN-400 optical slide scanner (Leica Biosystems, Buffalo Grove, IL, USA)

at 20X magnification.

Fluorescence Microscopy Image Acquisition
Fluorescence microscopy images were acquired from tissue sections on ITO coated slides
before tissue washing or matrix application using a fluorescence microscope (Nikon Eclipse 904,
Nikon Instruments Inc., Melville, NY, USA) equipped with a motorized stage and a 10X objective.

Resulting pixel resolutions were 0.92 pm/pixel. A TRITC (excitation = 528—553, emission = 590—
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650) specific epifluorescence filter was used to visualize the RFP reporter at an exposure time of
40 ms. DAPI (excitation = 340-380, emission = 435-485) and FITC (excitation = 465495,
emission = 515-555) specific epifluorescence filters were used to allow visualization of tissue

morphology by autofluorescence at exposure times of 100 ms and 150 ms, respectively.

Molecular Image Acquisition and Visualization

MALDI IMS of lipids was performed using a modified 9.4T FT-ICR MS (SolariX, Bruker
Daltonics, Billerica, MA, USA) equipped with an Apollo II dual MALDI/ESI source and a
dynamically harmonized ParaCell. The source region of this instrument is modified with a
secondary Gaussian laser, resulting in incident spots sizes <~ 10 pm. Molecular images of lipids
were acquired at pixel spacings of 15 pm for murine tissue (~10 um laser beam size, 500 laser
shots) and 40 um for human tissue (~30 um laser beam size, 500 laser shots) in both the x and y
directions. Data were collected from m/z 200 to 2,000 in negative ionization mode with a resolving
power (m/Am) of ~ 50,000 at m/z 500. The time domain file size was set to 512k (free induction
decay: 0.28 s). The ion optics were tuned to maximize transmission at the defined m/z range
including the funnel RF amplitude (250 V,p), source octopole (5 MHz, 400 V,p), collision cell
(collision cell voltage: 2.0 V, cell: 2 MHz, 1200 V), time-of-flight delay (0.9 ms), transfer optics
(4 MHz, 325 V,p), and quadrupole (Q1 mass: m/z 350). The source DC optics were tuned to
maximize ion transmission and observed intensities (capillary exit -190 V, deflector plate: -200 V,
plate offset: -100 V, funnel 1: -100 V, skimmer 1: -20 V) as well as the ICR cell parameters
(transfer exit lens: 10 V, analyzer entrance: 10 V, side kick: 0 V, side kick offset: 6.0 V, front trap
plate: -1.200 V, and back trap plate: -1.205 V). Ion detection was performed using a sweep

excitation power of 22%.
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MALDI IMS of intact proteins was performed using a 15T FT-ICR MS (SolariX, Bruker
Daltonics, Billerica, MA, USA) equipped with an Apollo II dual MALDI/ESI source and a
dynamically harmonized ParaCell. The MALDI source employs a Smartbeam II 2 kHz, frequency
tripled Nd:YAG (355 nm) laser. Molecular images of intact proteins were acquired at pixel
spacings of 100 um for murine tissue with a ~50 um laser beam size (750 laser shots) in both the
x and y directions. Data were collected from m/z 2,000 to 30,000 in positive ionization mode with
a resolving power (m/Am) of ~ 60,000 at m/z 10,000. The time domain file size was set to 1M (free
induction decay: 4.61 s). The ion optics were tuned to maximize transmission at the defined m/z
range including the funnel RF amplitude (285 V), source octopole (2 MHz, 525 V), collision
cell (collision cell voltage: -8.0 V, cell: 1.4 MHz, 1850 V), time-of-flight delay (3.00 ms), transfer
optics (1 MHz, 410 Vpp), and quadrupole (Q1 mass: m/z 1,000). The source DC optics were tuned
to maximize ion transmission and observed intensities (capillary exit 250 V, deflector plate: 200
V, plate offset: 100 V, funnel 1: 150 V, skimmer 1: 60 V) as well as the ICR cell parameters
(transfer exit lens: -20 V, analyzer entrance: -10 V, side kick: 0 V, side kick offset: -1.5 V,
shimming DC bias: 1.5 V, and gated injection DC bias: 1.5 V, back trap plate quench: -30 V). The
gated trapping and detection function of the ICR cell was enabled (front and back plates for
trapping: 2.5 V, front and back plates for detection: 1.1 V, ramp time: 0.01 s). Ion detection was
performed using a sweep excitation power of 45%. FlexImaging 5.0 (Bruker Daltonics, Billerica,
MA, USA) and SCIiLS Lab (version 2016b, Bruker Daltonics, Billerica, MA, USA) were used to

normalize intensities (root mean squared) and visualize ion images.
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Data-driven Image Fusion

For image fusion analysis with IMS data sets, the mass spectrometry data were treated as
a data cube in which the x and y coordinates are pixel dimensions and the z coordinate is m/z.
Analogously, the microscopy data map pixel dimensions are x and y, but the z coordinate was the
color channels. Image fusion algorithms were used to create a cross- modality model. The model
was then used to perform partial least squares regression correlation, comparing image pairs of
IMS and fluorescence micrograph data. In the present work, relationships were mined to identify
ions of interest that related to a specific color channel, or red to correlate IMS with the bacterial

RFP fluorophore reporter. Further information on this algorithm can be found in previous work.!%’

Protein Extraction for LC-MS/MS

150-200 mg of each vegetation was homogenized in 1 ml of extraction buffer (T-Per,
ThermoFisher Scientific, Waltham, MA, USA) supplemented with protease inhibitor (cOmplete
tablets, Roche, Millipore Sigma, Burlington, MA, USA) using a homogenizer (T10 ultra Turrax,
IKA, Staufen, Germany), boiled at 95°C for 5 minutes and cooled to room temperature before
adding 1 pl of benzonase (Millipore Sigma, Burlington, MA, USA). The homogenates were probe
tip sonicated (Q-500 sonicator, Qsonica, Newtown, CT, USA) at 20% amperage with 3 sec on/off
intervals a total of 6 times, centrifuged at 15,000 g for 10 minutes, and the supernatant was retained
for analysis as the soluble fraction (T-Per fraction). The pellet was washed twice with cold PBS
and resuspended in a chaotropic buffer (5 M GuHCL, 1% CHAPS, 25 mM NAC;H30;, 50 mM
aminocaproic acid, 5 mM NA2EDTA) supplemented with protease inhibitor (cOmplete tablets,
Roche, Millipore Sigma, Burlington, MA, USA) at 4°C with rotation for 72 h, centrifuged at

17,000 g for 10 minutes and the supernatant was retained for analysis as the matrix fraction.
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Fractions were analyzed separately, and data was combined by sample post database search

analysis.

LC-MS/MS Data Acquisition and Analysis

Peptide samples were analyzed using a ThermoFisher Scientific Fusion Lumos tribrid mass
spectrometer system interfaced with a Thermo Ultimate 3000 UHPLC. The HPLC column was a
Dionex 15 cm x 75 um inner diameter Acclaim Pepmap C18, 2 um, 100 A reversed phase capillary
chromatography column. 5 pL volumes of the trypsin-digested extract were injected, peptides were
eluted from the column by an acetonitrile/ 0.1% formic acid gradient at a flow rate of 0.3 pL/min
and introduced in-line into the mass spectrometer over a 120-minute gradient. The nanospray ion
source was operated at 1.9 kV. The digest was analyzed using a data-dependent method with 35%
collision-induced dissociation fragmentation of the most abundant peptides every 3s and an
isolation window of 0.7 m/z. Scans were conducted at a maximum resolution of 120,000 for full
MS and 60,000 for MS/MS. Individual LC-MS/MS raw files were searched against a human
database (Uniprot.org) using Proteome Discoverer 2.2 (Thermo Fisher Scientific, Waltham, MA,
USA). Peptides were identified using a precursor mass tolerance of 10 ppm, and fragment mass
tolerance of 0.6 Da. The only static modification was carbamidomethyl, whereas dynamic
modifications included the light (28.03 Da) dimethyl formaldehyde (N-terminal), oxidation,
deamidation, acetylation (N-terminal), and Gln to pyro-Glu N-terminal cyclization. Peptides were

validated using a false discovery rate (FDR) of 0.01% against a decoy database.
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CHAPTER 1V

STAPHYLOCOCCUS AUREUS EXHIBITS HETEROGENEOUS SIDEROPHORE
PRODUCTION WITHIN THE VERTEBRATE HOST
This chapter was adapted from the previous published Perry et al., Proceedings of the National

Academy of Sciences, Copyright 2019 by National Academy of Sciences.!*

Overview
Siderophores, iron scavenging small molecules, are fundamental to bacterial nutrient metal
acquisition and enable pathogens to overcome challenges imposed by nutritional immunity.
Multimodal imaging mass spectrometry allows visualization of host-pathogen iron competition by
mapping siderophores within infected tissue. We have observed heterogeneous distributions of
Staphylococcus aureus siderophores across infectious foci, challenging the paradigm that the

vertebrate host is a uniformly iron deplete environment to invading microbes.

Introduction
Metals are required by living organisms to carry out fundamental metabolic processes since
they are cofactors of approximately 50% of all enzymes.> During infection, host metalloproteins
such as transferrin and lactoferrin (Fe dissociation constant (Kq) ~ 1022 M) act to sequester nutrient

81, 157 In turn,

metals to prevent microbial colonization, a process termed nutritional immunity.
bacteria have evolved multiple mechanisms to compete with nutritional immunity, including the

use of small molecule chelators termed siderophores.”: 138 Siderophores are low molecular weight

metabolites (< 1 kDa) that are produced by many organisms, and are characterized by a high
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binding affinity for Fe (Kq > 1073 M).” 15° Due to their ability to efficiently scavenge for nutrient
metals, the use of siderophores is a critical nutrient acquisition strategy of organisms within soil,
healthy vertebrate microbiomes, and pathogenic bacteria.!6%-1%* Chemical insight into siderophore
synthesis and function from bacterial species within a host environment will increase
understanding of microbe-microbe nutrient competition and mechanisms of pathogenesis.!®*
Staphylococcus aureus is an opportunistic bacterial pathogen known to utilize multiple
siderophores for Fe acquisition, and the production of these molecules is required for maximum
virulence in a vertebrate host.” 163

S. aureus causes a broad range of life-threatening illnesses, ranging from soft tissue
infections that present with abscess formation to systemic conditions such as sepsis.”> Abscess
architecture consists of staphylococcal communities segregated from normal host tissue by layers
of necrotic and healthy PMNs, (Figure 2.1).76 S. aureus experiences different degrees of Fe
limitation across host abscess environments within the same tissue, calling into question when and
where siderophores are important.'3 Furthermore, functional redundancy of multiple siderophores
secreted by S. aureus obfuscates the importance of each individual molecular species.” In Fe-
limiting environments, transcriptional repression of the S. aureus ferric uptake regulator (Fur)
regulon is ceased, and expression of molecular machinery required for Fe acquisition is
increased.”” Known mechanisms of staphylococcal Fe acquisition regulated by Fur include heme
uptake and degradation, inorganic Fe transport, and the secretion of polycarboxylate-type

siderophores staphyloferrin A and staphyloferrin B.!6% 167

Emerging literature suggests that
infectious lesions such as abscesses exhibit molecular heterogeneity, and therefore S. aureus

exhibits differential gene expression depending on its location within tissue.!> Based on this

emerging model, the traditional view that siderophores are uniformly expressed throughout an
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animal may be incorrect.!> 781164 Degpite differential gene expression observed from abscesses,
S. aureus siderophores have not previously been observed within a host environment.

MALDI IMS, a technology that allows in situ determination of the spatial distribution of
thousands of analytes from a tissue surface without the need for chemical tags of probes, has
demonstrated its utility in studying bacterial pathogenesis and host immune response ex vivo.'* 7
Analysis by MALDI IMS has driven the identification of molecular factors constructing this
abscess morphology within murine models.!!"!377-87-88 Many of these molecular features, of both
host and pathogen origin, have been differentially observed from one abscess to another with
respect to location and time post inoculation.!® Recent work using IMS has shown that a chosen
MALDI matrix influences the observed analytes.!!! Here, novel MALDI IMS sample preparation
techniques and high-performance FT-ICR MS enable visualization of heterogeneous distributions
of S. aureus siderophores staphyloferrin A and staphyloferrin B across multiple infectious niches

of a murine model of systemic infection.

Results

Comparison of Surface Coatings to Visualize Siderophores within Infected Tissue

The preparation of a tissue sample for IMS has a direct effect on the analytes observed.?*
30, 111, 168,169 T observe siderophores from infected tissues, multiple surface coatings and sample
preparations were completed in positive and/or negative ionization modes including robotic
aerosol application of DAN, a 1:1 ratio of carbonate buffer (pH 10.3) and 250 mM sodium acetate
then a layer of gold, a novel matrix mixture of TMGN and DABP, and a layer of silver, Figure 4.1.

IMS averaged spectra from all acquisitions are present in Figure 4.1A and B. Spectra show the
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presence of different signals, specifically in the ~ m/z 600-1000 mass ranges. All IMS data were
acquired from serial sections of S. aureus infected murine kidney. An H&E stain is present in
Figure 4.1C. Spectra analysis resulted in the presence of a signal corresponding to a deprotonated
staphyloferrin A ion using the TMGN / DABP matrix mixture in negative ionization mode, Figure

4.1D. An ion image generated from the IMS dataset shows localization of the ion to abscesses.
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Figure 4.1: IMS Surface Coatings Comparison for Visualization of Staphyloferrin A
Siderophore
Multiple surface coatings were compared when analyzed by MALDI IMS in positive (A) and
negative ion modes (B). An H&E stain shows presence of abscesses (C) to be compared with
distributions of an ion at m/z 479.1153, corresponding to staphyloferrin A (D — E).
Multimodal Imaging Mass Spectrometry to Visualize Nutritional Heterogeneity

To further interrogate molecular features present at the host-microbe interface, mice were

infected with wildtype S. aureus.!>® Mice exhibited hallmark symptoms of sepsis including weight

loss, piloerection, and lethargy.!”® Animals were euthanized 7 days post infection (DPI), and

tissues were harvested and frozen on dry ice. Tissues were sectioned serially for H&E staining,
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molecular analysis using MALDI IMS, and elemental Fe analysis using LA-ICP IMS (Figure 4.2a
—4.2d). Samples for MALDI IMS were prepared by applying a homogenous coating of DABP and
TMGN to the surface of a tissue section. Low abundance ions were enriched by mass-to-charge
selection and accumulation prior to mass analysis, enabling detection of ions corresponding to two
S. aureus siderophores from the surface of the tissue (staphyloferrin A [M-H]- at m/z 479.1155
(mass accuracy: 0.01 ppm error) & staphyloferrin B [M-H]- at m/z 447.1369 (mass accuracy: 0.09
ppm error)) (Figure 4.2b & 4.2c¢). Tentative molecular identifications are based on accurate mass
measurements. The staphyloferrin A molecular assignment was validated by MALDI IMS of mice
infected with a S. aureus mutant genetically inactivated for staphyloferrin A production (Asfa).!”!
Ion images and spectral data acquired from the S. aureus Asfa infected tissue section showed an
absence of the molecular signal of interest ((M-H] at m/z 479.1155), verifying our observation of

staphyloferrin A in wildtype infected tissues (Figure 4.3).
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Figure 4.2: IMS of S. aureus Siderophores and Fe to Investigate Nutritional Immunity
MALDI IMS reveals the presence of siderophores staphyloferrin A and staphyloferrin B within
the infectious environment. (a) An H&E stain shows staphylococcal lesions. A zoom shows
abscess morphology (arrows). (b) MALDI FT-ICR IMS at 35 pum spatial resolution shows
staphyloferrin A co-localizing with sites of infection. (c) Staphyloferrin B co-localizes with sites
of infection. This ion is more closely localized to the bacterial colonies than staphyloferrin A. (d)
Fe distributions at 35 um spatial resolution show Fe co-localizing with select colonies within the
abscess zoom (arrows). However, most abscesses are void of Fe. (¢) A MALDI IMS averaged
spectrum highlights the number of signals observed. (f) A zoom from the spectrum shows a signal
corresponding to staphyloferrin A at m/z479.1155, 0.01 ppm mass error and the chemical structure
of staphyloferrin A, [M-H]". (g) A zoom on the spectrum shows a signal corresponding to
staphyloferrin B at m/z 447.1369, 0.09 ppm mass error and the chemical structure of staphyloferrin
B, [M-H]. Adapted from Proceedings of the National Academy of Sciences, 2019, 201913991,

“Staphylococcus aureus exhibits heterogeneous siderophore production within the vertebrate host”
with permission from the National Academy of Sciences.!#?
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Figure 4.3: Confirmation of Staphyloferrin A Using a S. aureus Genetic Mutant
Analysis of a S. aureus genetic variant inactivated for staphyloferrin A production infection model
confirms identity of the molecular signal in vivo. (a) Visual comparison of H&E stains from an
infection of S. aureus wildtype and Asfa shows lesions similar in morphology present in both
infection models. (b) Generated ion images at 60 um spatial resolution corresponding to
staphyloferrin A show the absence of the molecular signal at the site of infection within the S.
aureus, Asfa infection model. (c) Averaged IMS spectra show the absence of the signal
corresponding to staphyloferrin A. Reprinted from Proceedings of the National Academy of
Sciences, 2019, 201913991, “Staphylococcus aureus exhibits heterogeneous siderophore
production within the vertebrate host” with permission from the National Academy of Sciences.!*3

Ion images of the siderophore signals within 7 DPI renal lesions localize to sites of
infection and expand into necrotic regions of abscesses, distant from the staphylococcal
communities (Figure 4.2a — 4.2¢). The expansive distributions and diffusion of these siderophores
highlight not only the amplitude of biosynthesis, but also the metabolic effort of abscess

communities to acquire Fe. Large differences in siderophore production can be observed from one

abscess to another. Comparing the distributions of the two siderophores, staphyloferrin A has an
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increased prevalence at most sites of infection. However, some foci show higher relative
abundances of staphyloferrin B, suggesting that these organisms are experiencing differential
metal starvation across these infectious foci.

Host metalloproteins involved in nutritional immunity such as transferrin and lactoferrin
aim to sequester Fe from the proliferating abscess communities to limit pathogenesis. To visualize
this phenomenon, LA-ICP IMS was used to investigate the distribution of Fe (as “°Fe) present in
a serial section of the 7 DPI renal tissue (Figure 4.2d). Fe is largely excluded from sites of infection,
but some pixels within the elemental Fe image show co-localization of the metal to staphylococcal
abscess communities (Figure 4.1d arrows), presumably highlighting the success of these organisms

at capturing Fe within infected tissue.

Comparing Siderophore Distributions across Lesions within Multiple Tissue Types

To further investigate how the Fe-specific nutritional immune response influences the
distribution of staphylococcal siderophores at sites of infection, lesions in heart, liver, and kidney
tissues were compared using a multimodal approach integrating IMS, histological staining, and
fluorescence microscopy. Mice were systemically infected with a strain of S. aureus (Pisasgfp),
where green fluorescent protein (GFP) expression is driven from the Fur-regulated isd4 promoter,
a gene whose expression increases upon Fe starvation.!* After 10 DPI, H&E staining clearly
showed formation of tissue abscesses (Figure 4.4). Fluorescence microscopy images of the GFP
fluorophore in the in vivo labeled tissue sections allow a non-destructive, MALDI IMS compatible
technique to visualize the response of abscess communities to host Fe sequestration (Figure 4.4).
Autofluorescence microscopy of endogenous molecular components from the tissue sections allow

for visualization of tissue structures. Generated ion images from the same tissue sections as the
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fluorescence microscopy show siderophore distributions at sites of bacterial Fe starvation (Figure
4.4). Specifically, in Figure 4.4a — 4.4c the expanded images show siderophore distributions co-
localizing with bacterial GFP expression. Comparing the H&E stain to the Fe elemental
distributions, some communities co-localize with Fe while others do not. This observation supports
nutritional heterogeneity of select staphylococcal communities within a single abscess, suggesting
differential molecular responses.

Comparing abscesses across tissue types, lesions in liver tissue are larger than those found
in kidney tissue. However, the majority of the kidney tissue section is diseased (Figure 4.4c). The
heart contains the smallest lesions in size (Figure 4.4b). Molecular distributions show utilization
of the siderophores by S. aureus to acquire Fe from the host across all tissues examined. Notably,
siderophores all localize to the necrotic region of the abscess. However, a visual comparison of
the abscess margins in H&E stained images and staphyloferrin A ion images of the heart abscess
and a single kidney abscess show staphyloferrin A distributed outside of the abscess confinements,
highlighting the range of siderophore distribution during infection (Figure 4.4b). Siderophore
distributions localize closer to areas of GFP fluorescence signal signifying Fe starvation within the
fluorescence microscopy image. The Fe distributions within the liver and kidney lesions (Figure
4.4a & 4.4c) localize to areas without GFP signal and lessened siderophore signals. It is important
to note that little to no siderophore can be detected within some abscesses. These data highlight
the differential production of siderophores across abscesses comprising liver, heart, and kidney

tissues.
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Figure 4.4: Multimodal IMS to Visualize Nutritional Immunity Across Tissue Lesions
Multimodal imaging of 10 DPI S. aureus Piasgfp infection characterizes utilization of
staphyloferrin A and staphyloferrin B across tissue types. (a) Siderophore distributions localize to
regions of staphylococcal Fe starvation (blue arrows). Fe distributions co-localize to areas without
GFP signal (white arrows). (b) Siderophore distributions in the heart expand outside of the abscess.
(c) Zooms of a single kidney abscess show heterogeneity in siderophore and Fe distributions as
well as Fe starvation, similar to distributions within the liver. Reprinted from Proceedings of the
National Academy of Sciences, 2019, 201913991, “Staphylococcus aureus exhibits heterogeneous
siderophore production within the vertebrate host” with permission from the National Academy of
Sciences.!#
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Discussion

Our results provide insight into mechanisms of staphylococcal metal acquisition within the
infection environment and emphasize the capabilities of IMS to investigate host-microbe
interactions. While it is well accepted that siderophores play a role in pathogenesis, the
functionality of the molecular structures appears redundant. Furthermore, specific infectious
niches in which siderophores are employed have yet to be discovered. Previous in vitro research
has determined factors that regulate biosynthesis of staphyloferrin A and staphyloferrin B
independently.!%> 172 Glucose represses production of staphyloferrin A, and heme acts as a
regulator of staphyloferrin B production.!” !73 Indeed, staphyloferrin A and B differentially
impact the outcome of infection in various murine models, but the contribution of each siderophore
within specific infectious niches is unknown.” 165 171 172 1t i possible that each siderophore
evolved for a specific purpose, prompting redundancy in Fe acquisition mechanisms specific for
various niches. Heterogeneity in the spatial distributions of staphylococcal siderophores could
therefore be explained by variations in the molecular contents of an abscess. Use of spatial
molecular technologies such as MALDI IMS will assist in the understanding of conditions or
environments under which siderophores are expressed to elucidate their purposes. Furthermore,
these spatial molecular techniques allow multi-modality integration to visualize distributions of
host and bacterial factors as well as metals. Because tags or probes are not necessary, these data
can guide future studies to elucidate molecular host-pathogen interactions. Visualization and
chemical insight into the production of siderophores from any bacterial species within a host
environment will help to understand mechanisms of metal acquisition and ultimately pathogenesis.
We envision application of siderophore spatial analysis to other bacterial pathogens as well as

microbe-microbe interactions under nutrient stress, specifically in complex environments such as
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the gut microbiome or polymicrobial infections, as well as transitional applications towards

infection diagnostics.

Methods

Bacterial Strains and Growth Conditions
The S. aureus clinical osteomyelitis isolate strain Newman served as the genetic
background for all experiments.'>> The construction of S. aureus strain Newman Piusgfp has
previously been described.!® The strain inactivated for staphyloferrin A production (Asfa) has
previously been described.!”! Bacteria were routinely cultured at 37°C in Difco TSB or on TSA.
When required to select for mutants or maintain plasmids, antibiotics were added at the following

concentrations: kanamycin 30 pg/mL or chloramphenicol 10 pg/mL.

Animal Procedures

In preparation for murine infections, bacteria were streaked from freezer culture on TSA
with antibiotics, as required. Isolated colonies were used to prepare overnight cultures in 5 mL
TSB. After overnight growth, bacteria were sub-cultured 1:100 in fresh TSB and grown until mid-
to-late log phase (2-3 h; ODgoonm ~2-2.5). Cells were pelleted by centrifugation at 7,000 rpm for 6
min and washed thrice with phosphate buffered saline (PBS). After the final wash, cells were
resuspended to an ODeoonm Of approximately 0.4 in PBS (~1-2 x 10% colony forming units
(CFU)/mL). The inoculum was determined by serial dilution in PBS and plating to TSA.

Prior to infection, female 6-8 week old BALB/c mice, purchased from The Jackson

Laboratory, were anesthetized by intraperitoneal injection with 125-250 mg/kg of 2,2,2-

93



tribromoethanol. Mice were infected retro-orbitally with 100 pL of the prepared staphylococcal
cells (~1-2 x 107 CFU). At 4, 7, or 10 days post infection mice were humanely euthanized by
carbon dioxide inhalation. The kidney, hearts and livers were harvested and immediately frozen
on a bed of dry ice. Tissues were stored at -80°C until needed. Animals were used and handled in
accordance with protocols approved by the Vanderbilt University Institutional Animal Care and
Use Committee and are in compliance with National Institute of Health guidelines, the Animal

Welfare Act, and US Federal law.

Materials and Sample Preparations

1,8-bis(tetramethylguanidino)naphthalene (TMGN), hematoxylin, and eosin were
purchased from Sigma Aldrich (St. Louis, MO, USA). 3,4-diaminobenzophenone (DABP), and
1,5-diaminonaphthalene (DAN, 97%) were also purchased from Sigma Aldrich (St. Louis, MO,
USA) then purified by recrystallization. The gold sputtering target was purchased from Ted Pella
Inc. (Redding, CA, USA). ITO coated slides were purchased from Delta Technologies, Limited
(Loveland, CO, USA). Vinyl slides were purchased from Electron Microscopy Sciences (Hatfield,
PA, USA). Carbonate buffer, sodium salts, all solvents (methanol, ethanol, acetonitrile, and
xylenes), glass microscope slides, and optimal cutting temperature compound were purchased
from Fisher Scientific (Kalamazoo, MI, USA).

Fresh frozen tissues were serially sectioned at 10 um using a Leica CM3050s cryostat
(Leica Biosystems, Buffalo Grove, IL, USA) and thaw mounted on glass microscope slides (Fisher
Scientific, Kalamazoo, MI, USA), ITO coated glass slides (Delta Technologies, Loveland, CO,
USA), and vinyl slides (Electron Microscopy Sciences, Hatfield, PA, USA). Sections on ITO

coated slides and vinyl slides were stored at -80°C until analysis where they were thawed under
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vacuum at room temperature for approximately 15 minutes. MALDI matrix was applied using a
robotic aerosol sprayer (TM Sprayer, HTX Technologies, Chapel Hill, NC, USA) with optimized
conditions (75/25 DABP/TMGN in a solution of 70% acetonitrile sprayed at a surface density of
1.91 pg/mm? at 40°C; DAN in a solution of 90% acetonitrile sprayed at a surface density of 3.6
pg/mm? at 85°C; 1:1 ratio of carbonate buffer (pH 10.3) and 250 mM sodium acetate in a solution
of 30% methanol sprayed at a surface density of 6.8 pg/mm?at 85°C). Samples coated with layers
of metal were created using a Cressington 208HR sputter coater from de Ted Pella Inc. (Redding,
CA, USA) at an Ar partial pressure of 0.02 mbar and a current of 40 mA. The depositions were
time controlled. Samples sprayed with a salt solution were covered a 26 nm layer of gold. Other
samples were covered in a 10 nm layer of silver. Serial sections on glass slides were stained with
hematoxylin and eosin (Fisher Scientific, Kalamazoo, MI, USA). Bright field images of stained
sections were acquired using a Leica SCN-400 optical slide scanner (Leica Biosystems, Buffalo

Grove, IL, USA) at 20X magnification (0.5 um/pixel).

Fluorescence Microscopy Image Acquisition and Data Analysis

Fluorescence microscopy images were acquired from tissue sections 10 DPI on ITO coated
slides before matrix application using a fluorescence microscope (Nikon Eclipse 90i, Nikon
Instruments Inc., Melville, NY, USA) equipped with a motorized stage and a 10X objective.
Resulting pixel resolutions were 0.92 pm/pixel. A FITC (excitation = 465—495, emission = 515—
555) specific epifluorescence filter was used to visualize the GFP reporter at an exposure time of
40 ms. DAPI (excitation = 340-380, emission = 435-485) and TRITC (excitation = 528-553,
emission = 590-650) specific epifluorescence filters were used to allow visualization of tissue

morphology by autofluorescence at exposure times of 100 ms and 150 ms, respectively.
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Molecular Image Acquisition and Data Analysis

All experiments were performed using a 15T FT-ICR MS (SolariX, Bruker Daltonics,
Billerica, MA, USA) equipped with an Apollo I dual MALDI/ESI source and a dynamically
harmonized ParaCell (Bruker Daltonics, Billerica, MA, USA). The MALDI source employs a
Smartbeam II 2 kHz, frequency tripled Nd:YAG (355 nm) laser. Molecular images were acquired
at pixel spacings of 60 or 35 um in both the x and y directions using a ~50-pm laser beam size
(750 laser shots). Data were collected from m/z 300 to 600 in negative ionization mode with a
resolving power (m/Am) of ~ 175,000 at m/z 500. The time domain file size was set to 512k (free
induction decay: 0.46 s). The ion optics were tuned to maximize transmission at the defined m/z
range including the funnel radio frequency amplitude (185 Vpp), source octopole (5 MHz, 350
Vpp), collision cell (collision cell voltage: 1.5 V, cell: 2 MHz, 1200 Vpp), time-of-flight delay
(0.65 ms), transfer optics (4 MHz, 380 Vpp), and quadrupole using the continuous accumulation
selected ions feature (Q1 mass: m/z 470, isolation window: m/z 125). The source DC optics were
kept constant for all experiments (capillary exit -220 V, deflector plate: -200 V, plate offset: -100
V, funnel 1: -150 V, skimmer 1: -15 V) as well as the ICR cell parameters (transfer exit lens: 20
V, analyzer exit: 10 V, side kick: 8 V, front and back trap plates: -1.5 V, back trap plate quench:
30V, shimming DC bias: -1.5 V, and gated injection DC bias: -1.5 V). lon detection was performed
using a sweep excitation power of 18%. FlexImaging 5.0 (Bruker Daltonics, Billerica, MA, USA)
and SCiLS Lab (version 2016b, Bruker Daltonics, Billerica, MA, USA) were used to visualize ion

images.
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Elemental Image Acquisition and Data Analysis

Elemental Fe imaging was performed as previously described.!® Briefly, samples were
ablated using a laser ablation system (LSX-213, Teledyne CETAC, Omaha, NE, USA) and
analyzed using a high-resolution sector field ICP-MS (Element 2, Thermo Fisher Scientific,
Bremen, Germany). Samples were placed into a sealed chamber and ablated in continuous raster
mode using a quintupled Nd:YAG (213 nm) laser at a frequency of 5 Hz for all acquired data.
Resulting data contained Y-axis pixel sizes of 35 or 60 um. X-axis pixel sizes were determined by
the stage velocity and the instrumental scan rate. Helium gas was used at a flow rate of 1 liter/min
to transport ablated sample particles from the ablation chamber to the ICP source. The ICP torch
position and Ar flow rate were tuned for each sample to obtain optimum signal with an SRM 612
standard from the National Institute of Standards and Technology. The mass spectrometer was
operated in medium-resolution mode providing a reported resolving power of ~ 4300 at m/z 56.
Elemental data were converted into the imzML format using Cardinal in the open source R
environment and imported into SCiLS (version 2019b, Bruker Daltonics, Billerica, MA, USA) for

image generation and visualization.!7*
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CHAPTER V

CONSPECTUS

Overview

Molecular imaging approaches in tandem with anatomical, morphological, or elemental
imaging modalities allow for increased information from a tissue sample, furthering insight to
complex biological systems. Workflows were developed, characterized, and implemented in
combination with microscopy-based techniques to advance IMS investigations of Staphylococcus
aureus pathogenic adaptations within infections. First, lipid observations from several MALDI
matrices were compared in Chapter II to characterize how a specific sample preparation, including
the chosen MALDI matrix, influences resultant ions. Research in Chapter III isolated m/z values
co-localizing with fluorescent bacterial foci to ultimately identify and map S. aureus lysyl-PG
lipids from a murine infection model. CAMPs, known to influence S. aureus lysyl-PG production,
and lysyl-PGs were then mapped across human endocarditis tissue. Several surfaces coatings were
compared in Chapter IV to ultimately visualize S. aureus siderophores within tissue infections.
This research was complemented by LA-ICP IMS to map elemental Fe from sites of infection and
fluorescence microscopy to map S. aureus Fe starvation. In this conspectus, current applications

of MALDI IMS as it related to sample preparations and infectious disease will be discussed.
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MALDI Matrix Influence on Analyte Observation

Utilizing a matrix, MALDI facilitates the desorption and ionization of analytes. Currently,
a universal MALDI matrix does not exist. The method of sample preparation including the MALDI
matrix choice influences the specific analytes observed. The number of chemicals reported to serve
as MALDI matrices for a singular class of analytes (i.e. metabolites or lipids) is ever increasing.!'!®
175 However, little research characterizes or differentiates MALDI matrices reported to serve for
the same analyte class.!?% 132175176 Dye to the complex makeup of tissue, it can be expected that
many analytes go undetected when analyzed by MALDI MS. This is furthered by research
determining that MALDI using conventional, organic matrices results in ionization efficiencies,
reported as ion-to-neutral ratios, ranging from 10 to 10, dependent on the analyte of interest.!””
178 Furthermore, ionization efficiencies for the same analyte vary when different MALDI matrices
are employed.!” Thus, it is likely that a very small percentage of analytes within a tissue section
are ionized and detected, potentially biased due a chosen MALDI matrix. To move the field
forward, implicit biases associated with MALDI matrices must be determined.

In Chapter II, work was done to characterize observed lipids signals as a result of a MALDI
matrix. A series of MALDI matrices (DHA, DAN, CMBT, DHB, and 9AA) were employed to
compare the observed lipid species when analyzed by MALDI IMS. Trends were determined from
differentially abundant lipid signals in IMS datasets. Assessment by ROC analyses of commonly
used MALDI matrices showed distinctive differences in the frequency and abundance of many
lipid classes. Differences observed in positive ionization mode data related to ion types. Further
work determined that MALDI matrix application via a robotic aerosol sprayer resulted in higher
numbers of cationized species during positive ionization mode analysis when compared to matrix

application by sublimation or tissue washing followed by sublimation for DHA matrix. For
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negative ionization mode data, DAN matrix resulted in an observed higher sensitivity for many
lipid species including phosphatidylethanolamines. This observed higher
phosphatidylethanolamine sensitivity was, attributed to the loss of a methyl group from the choline
head groups of phosphatidylcholine lipids, resulting in accurate mass assignments isobaric to
phosphatidylethanolamine lipids. While this assessment of common lipid matrices identified many
sensitivity trends for lipid sub-classes, a plethora of chemicals are being employed as MALDI
matrices. As such, it can be expected that no universal MALDI matrix will be identified. Rather,
analytes from tissues will show differential abundances based on a matrix, and an experimental

goal should be defined before choosing a MALDI matrix.

Multimodal Imaging Approaches to Investigate Bacterial Pathogenesis

MALDI MS has made a positive impact on the field of infectious disease, offering
microbial identification after isolation, culture, and spectral comparison to a database.'®? While
this approach assists in diagnosis, it does not allow for study of microbes in an infection
environment or host-pathogen interactions. Techniques like IHC can map bacterial proteins of
interest within a tissue section; however, it does not accommodate metabolites and requires a priori
knowledge for labels or tags. All molecules critical for bacterial proliferation or host defense in
vivo are not known. Thus, application of untargeted, molecular approaches like MALDI IMS can
expand our knowledge of host defense mechanisms and bacterial pathogenesis. The few studies
that have employed this technology to investigate the infectious interface have identified an
abundance of molecular constituents, of both host and pathogen origin, that construct as well as
interact within these foci.!387- 88,143, 145, 181-183 Tt {5 inevitable that as MALDI IMS further improves,

this technology will drive more biological studies and provide increased information about host-
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pathogen interactions. One example is the implementation of high-performance instrumentation
such as FT-ICR MS. These instruments can allow for the highest levels of sensitivity from a single
ion generation event.”- 1% Chapter II highlights the differential observation of chemical species
resulting from a specific MALDI matrix. Combining these concepts, FT-ICR IMS and a specific
MALDI matrix or surface coating can allow for increased study of bacteria-specific molecules
from sites of infection.

Despite advances in imaging technologies, there is no universal technique to capture
molecular and morphological information in a single experiment. Multiple co-registered or
computationally fused imaging modalities can provide new information about a tissue’s surface.
We leveraged data mining image fusion of high-performance MALDI FT-ICR IMS and
fluorescence micrographs of transcriptional bacterial reporters in Chapter III to investigate the
presence and distribution of S. aureus lysyl-PG lipids within soft tissue infections. Image fusion
of the modalities isolated molecular species co-localized with SACs. Distributions of lysyl-PGs
from a murine infection model were not present at all SACs, and lysyl-PG distributions from a
human endocarditis tissue sample showed the heterogeneous presence with S. aureus
phosphatidylglycerols. These observations suggest differential staphylococcal molecular
responses to host stressors or mechanisms of innate immunity, potentially relating to overall
pathogenicity. Distributions of a-Defensin 1 and a-Defensin 2 CAMPs, a host mechanism used to
combat gram-positive infections, localize to diseased tissue and are absent from normal valve
tissue. However, increased presence of lysyl-PGs localizes near the normal valve tissue. Presence
of the lipids at that location as well as the lack of CAMPs could be due to bacterial evasion of the

innate immune system.
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Bacteria have evolved multiple mechanisms to allow proliferation within a vertebrate host,
including the use of small molecule chelators termed siderophores. S. aureus utilizes multiple
siderophores for Fe acquisition, and the production of these molecules is required for maximum
virulence in a vertebrate host. However, these molecules have not been observed in previous IMS
experiments by our laboratories. Multiple surface coatings were employed in Chapter IV to
ultimately observe staphyloferrin A and staphyloferrin B siderophores from sites of S. aureus
infection using TMGN and DABP as MALDI matrices. Continuing this investigation of
siderophores, infected tissues were sectioned serially for H&E staining, molecular analysis using
MALDI IMS, and elemental Fe analysis using LA-ICP IMS. Large differences in siderophore
production were observed from one abscess to another. Fe was largely excluded from sites of
infection, but some pixels within an elemental Fe image showed co-localization of the metal to
SACs, presumably highlighting the success of these organisms at capturing Fe within infected
tissue. Heterogeneity in the spatial distributions of the siderophores could be explained by
variations in the molecular contents of an abscess. This is the first observation of siderophores
from host tissues. Many investigations could use these methods to map these metal scavenging

metabolites from infections by other pathogens or healthy commensal microbes.

Molecular Heterogeneity of Staphylococcus aureus Infections

Our laboratories have pioneered the use of IMS to investigate infections by S. aureus.''"!%

77, 87, 88, 143, 185, 186 A5 IMS technology advances, more complex hypotheses can be answered. A
common theme of the research within Chapters III and IV is the observed molecular heterogeneity

within and across soft tissue abscesses, highlighting the potential for niche-specific S. aureus

pathogenic strategies. While the in vitro roles of siderophores, lysyl-PGs, and other various
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pathogenic adaptations are known, it is not clear when and where these adaptations are most
important during infection. Molecular heterogeneity across infectious foci may be explained by
differential responses or mechanisms of host-pathogen interactions. Organ-specific responses to
infection may also exist. Increased understanding of when and where these pathogenic adaptations
are required for bacterial proliferation can drive the search for alternative, novel therapeutics. For
example, a new commercial therapeutic to combat multi-drug resistant gram-negative pathogens
utilizes a siderophore-antibiotic conjugate. Spatial molecular technologies such as MALDI IMS
will assist in relating molecular heterogeneity to conditions, environments, or other, previously

uncharacterized, molecular distributions to further elucidate host-pathogen interactions.

Future Directions: Applications of Integrating Multiple 3-Dimensional Molecular Imaging
Modalities
Biological systems inherently occupy 3D spaces. Therefore, the fields of molecular and
elemental imaging have witnessed a trend towards investigations attempting to axially resolve
analyte distributions. Because many elemental and molecular imaging experiments are inherently
2D, most approaches require sectioning and analysis of many serial tissue sections to generate 3D
data. This strategy presents several challenges, including sequential image registration from tissue
that can be damaged during sectioning, large data files from combining many multimodal 2D
imaging experiments into a single 3D volume, and finally, computational demands required for
3D data volume reconstruction and mining.'®” Nevertheless, several studies have overcome these
challenges to build 3D multimodal molecular images.
To entirely circumvent the need for tissue sectioning, Ghosal et al. used ablation depths

generated by nanoSIMS to acquire 3D volumes of spores.'®¥ However, calculating the depth from
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SIMS ablation is challenging due to sample density variations. To address this challenge, Moreno
et al. implemented depth probing and monitoring by atomic force microscopy to allow for more
accurate 3D analysis.!® While this strategy is successful for smaller objects, visualization of
analytes within large structures typically requires data to be collected from multiple tissue planes.

In an early example of 3D metal imaging, Hare et al. performed LA-ICP IMS on 46 tissue
slices of murine brains. Subsequently, 3D modeling was performed based on alignment of common
morphological features. Although not strictly multimodal, this approach was an important step
towards evaluating metal distribution throughout complex tissues.!*

To investigate multi-organism systems in 3D, Cassat et al. used iterative blockface imaging
in combination with MRI, 3D BLI, and IMS to create a 3D model of S. aureus infected murine
tissues (Figure 5.1A). As previously discussed, in vivo MRI and BLI measurements allowed the
creation of 3D volumes that depict anatomical, elemental, and molecular changes resulting from
staphylococcal infection and host nutritional immunity.!3

Modern imaging technologies allow for small animals to be visualized in their entirety.
Using computational tomography guided slice registration, Van Malderen and colleagues
combined absorption microcomputed tomography (LCT), 3D confocal uXFI, and LA-ICP IMS to
create 3D volumes of the metal distribution throughout the entire Ceriodaphnia dubia (water flea)
body (Figure 5.1B).!"!

Most current 3D approaches rely on the sectioning of biological material. While various
microtome technologies are commercially available, the sectioning of hard or brittle material
remains challenging. To analyze the metal content of wheat and rye seeds, specimens were epoxy-
embedded, stepwise polished to achieve lateral increments of 350 uM, and analyzed via LA-ICP

IMS and complementary XFI. 3D volumes were generated by feature-based registration and
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compared to uCT renderings (Figure 5.1C).'2 The studies above exemplify multimodal
investigations of molecular and elemental analytes while perserving spatial fidelity. Three-
dimensionality is achieved by creative application of various sectioning and depth-probing
methods as well as registration strategies in order to reflect the true spatial properties of biological

samples.
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Figure 5.1: Overview of Recent Studies Employing Elemental Imaging in 3D

(A) Multimodal imaging of a murine kidney infected with S. aureus. Fe distribution (yellow,
determined by LA-ICP IMS) and bacterial Fe-starvation dependent reporter activity (red sphere,
assessed by BLI) are co-registered to blockface images. This image depicts one representative
view of an entire 3D volume. Adapted from Cassat ef al.'3 (B) uCT 3D renderings of C. dubia (a-
b) and distribution of selected elements (calcium: red, manganese: green, zinc: blue) as determined
by uXRF (c-d). (C) uCT 3D image of Triticum aestivum. L. grain and elemental distribution
throughout the sample as determined by LA-ICP MS. Adapted from Van Malderen er al.'®?
Reprinted from Current Opinion in Chemical Biology, 2020, 55, 127- 135, “Integrated molecular
imaging technologies for investigation of metals in biological systems: a brief review” with
permission from Elsevier.!

Concluding Remarks
Since the conception of MALDI IMS, instrumentation that allows for this technology is
constantly improving. Commercially available, next generation IMS platforms now allow for pixel
sizes approaching cellular resolution (~10 pm), with limited decreases in instrumental

sensitivities.!”> While many limitations still exist within IMS, such as protein identification

strategies and MALDI matrix interferences, use of high-performance mass analyzers and gas-
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phase separation techniques will increase instrumental capabilities.?” 146. 148, 184, 194 Becayge of
increased IMS platform availability, an increasing number of complex disease states will be
molecularly characterized. Capitalizing on the molecular information that IMS can provide, many
multimodal studies now combine biomedical imaging modalities such as MRI and CT with IMS."
13, 91" Ag utilization of multimodal information becomes necessary to answer ever evolving,
complex hypotheses, it is inevitable that computational tools will be further developed and

implemented to address the new challenges provided by the instrumental capabilities.”> %6 197
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Cell Phenotyping and Imaging Techniques: Using Antibody Probes for
Analysis by Mass Spectrometry

Advanced Imaging Mass Spectrometry (AIMS) Course Workshop
Leader (Vanderbilt University)
IMS Data Analysis Using SCiLS
Matrix Application: TM Sprayer

Advanced Imaging Mass Spectrometry (AIMS) Course Workshop
Assistant (Vanderbilt University)
Sample Preparation with Fresh Frozen Tissue: Washing and Staining

Mass Spectrometry Research Center Lecture Series (Vanderbilt
University)
Native Mass Spectrometry

Advanced Imaging Mass Spectrometry (AIMS) Course Workshop
Assistant (Vanderbilt University)
Matrix Application: TM Sprayer

Teaching Assistant, Chemistry II Laboratory (Vanderbilt
University)

Teaching Assistant, Chemistry I Laboratory & Physical
Chemistry I: Thermodynamics Laboratory (University of
Tennessee at Chattanooga)

William J. Perry, Caroline M. Grunenwald, Jessica R. Sheldon, Jeffrey M. Spraggins, Eric P.
Skaar, and Richard M. Caprioli. Multimodal MALDI IMS to Visualize Staphylococcal Molecular
Adaptation within the Infectious Microenvironment. North American Treaty Organization
Science for Peace and Security Advanced Study Institute (NATO SPS ASI) G5535;
Detection, diagnosis, and health concerns of toxic chemical and biological agents; 2019

October; Cetraro, Italy.

William J. Perry, Caroline M. Grunenwald, Jessica R. Sheldon, Jeffrey M. Spraggins, Eric P.
Skaar, and Richard M. Caprioli. Multimodal MALDI IMS to Visualize Staphylococcal Molecular
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Adaptation within the Infectious Microenvironment. 2019 Vanderbilt Institute for Chemical
Biology (VICB) Student Research Symposium; 2019 August; Nashville, TN.

William J. Perry, Caroline M. Grunenwald, Jessica R. Sheldon, Jeffrey M. Spraggins, Eric P.
Skaar, and Richard M. Caprioli. Multimodal MALDI IMS to Visualize Staphylococcal Molecular
Adaptation within the Infectious Microenvironment. 67th American Society for Mass
Spectrometry (ASMS) Conference on Mass Spectrometry; 2019 June; Atlanta, GA.

William J. Perry, Caroline M. Grunenwald, Jessica R. Sheldon, Jeffrey M. Spraggins, Eric P.
Skaar, and Richard M. Caprioli. Multimodal MALDI IMS to Visualize Staphylococcal Molecular
Adaptation within the Infectious Microenvironment. 2019 Vanderbilt Institute for Infection,
Immunology, and Inflammation (VI4) Annual Symposium; 2019 April; Nashville, TN.

William J. Perry, Caroline Grunenwald, N. Heath Patterson, Jessica L. Moore, Boone M.
Prentice, James E. Cassat, Eric p. Skaar, Jeffrey M. Spraggins, Richard M. Caprioli. Molecular
Definition of the Infectious Microenvironment Using Multi-modal MALDI Imaging Mass
Spectrometry. 2018 AbbVie Analytical Research Symposium; 2018 August; North Chicago,
IL.

William J. Perry, Caroline Grunenwald, N. Heath Patterson, Audra M. Judd, Jessica L. Moore,
Danielle Gutierrez, Carrie Romer, James E. Cassat, Eric P. Skaar, Jeffrey M. Spraggins, Richard
M. Caprioli. Comparing molecular abundance at the host-pathogen interface using multi-modal
MALDI imaging mass spectrometry. 2018 Vanderbilt Institute for Chemical Biology (VICB)
Student Research Symposium; 2018 August; Nashville, TN.

William J. Perry, N. Heath Patterson, Caroline Grunenwald, Jessica L. Moore, Boone M.
Prentice, James E. Cassat, Raf Van de Plas, Eric P. Skaar, Jeffrey M. Spraggins, Richard M.
Caprioli. Molecular insight into the lipidome of the staphylococcal infectious interface using
multi-modal MALDI imaging mass spectrometry. 2018 Vanderbilt Institute for Infection,
Immunology, and Inflammation (VI4) Annual Symposium; 2018 April; Nashville, TN.

William J. Perry, N. Heath Patterson, Jessica R. Sheldon, Jessica L. Moore, Caroline
Grunenwald, Boone M. Prentice, James E. Cassat, Raf Van de Plas, Eric P. Skaar, Jeffrey M.
Spraggins, Richard M. Caprioli. Visualizing differential molecular abundance at the host-
pathogen interface using imaging mass spectrometry. Mass Spectrometry Applied to the
Clinical Laboratory (MSACL) 2018 US 10th Annual Conference; 2018 January; Palm
Springs, CA.

William J. Perry, Jeffrey M. Spraggins, N. Heath Patterson, Marissa Jones, Boone M.
Prentice, Raf Van de Plas, Richard M. Caprioli. Global lipidomic changes associated with
MALDI matrices using MALDI FTICR imaging mass spectrometry. 2017 Vanderbilt Institute
for Chemical Biology (VICB) Student Research Symposium; 2017 August; Nashville, TN.

William J. Perry, Jeffrey M. Spraggins, N. Heath Patterson, Marissa Jones, Boone M.

Prentice, Raf Van de Plas, Richard M. Caprioli. Global lipidomic changes associated with
MALDI matrices using MALDI FTICR imaging mass spectrometry. 65th American Society
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for Mass Spectrometry (ASMS) Conference on Mass Spectrometry; 2017 June;
Indianapolis, IN.

William Perry, Yukie Kajita, Manuel Santiago. Ladybirds: Detection and determination of

alkaloid compounds. Southeast Regional Meeting of the American Chemistry Society —
Southwest Regional Meeting (SERMACS-SWRM); 2015 November; Memphis, TN.
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